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L  OBJECTIVES  OF  PROGRAM 


The  broad  objectives  of  this  program  were  to  extend  our  understanding  of  the  electrical 
properties  of  layered  semiconductors  employed  for  low  noise  amplification,  generation  and 
detection  of  high  frequency  radiation  in  large  scale  integrated  circuit  technologies.  The  present 
research  program  developed  and  exploited  nondestructive  techniques  to  analyze  imperfections  in 
layered  semiconductors  utilizing  optical  coupled  with  electrical  measurements,  requiring  no  special 
processing,  and  can  be  used  on  substrates  and  epitaxial  layers  to  map  crystal  quality  and  electrical 
characteristics.  The  techniques  of  infrared  wavelength  modulation,  photo-induced-transient- 
spectroscopy,  Raman  scattering,  and  photo-mixing  were  employed;  the  combination  of  these  enable 
a  determination  of  impurity  concentration,  structural  defects,  recombination  rates,  and  transport 
properties  by  optical  means. 


H.  SUMMARY  OF  ACCOMPLISHMENTS 

A.  Deep  Level  Derivative  Spectroscopy 

An  infared  wavelength  modulated  spectrometer  system  was  developed  which  is  capable  of 

measuring  changes  in  the  absorption  or  reflection  of  one  part  in  10^  in  the  spectral  region  from 

0.2 — 20  pm.  The  system  consists  of  a  modified  grating  monochromator.  The  modulation  of  the 

wavelength  is  accomplished  by  oscillating  an  output  diagonal  mirror  and  thus  is  equally  applicable 

for  any  wavelength  in  the  spectral  range  of  the  microchromator  and  the  amplitude  of  wavelength 

-2 

modulation  can  be  continuously  varied  up  to  AA/A-10  .  The  wavelength  modulation  technique 

yields  essentially  the  energy  derivatives  of  the  absorption  coefficient.  To  obtain  the  absolute  value 

of  the  absorption  coefficient,  one  numerically  integrates  the  observed  derivative  spectra  and  the 

constant  of  integration  is  supplied  by  a  direct  loss  measurement  in  the  same  apparatus  at  a  fixed 

wavelength  where  the  absorption  can  be  measured  with  good  precision. 

We  have  demonstrated  that  the  infrared  wavelenth  modulation  system  can  detect  impurity 
1 2  14  3 

concentrations  at  levels  of  10  -10  /cm  in  semiconductors;  previously,  it  had  only  been  only 
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possible  to  study  such  concentrations  by  junction  techniques,  and  consequently  it  was  not  possible 
to  observe  absorption  thresholds  and  excited  states  of  deep  impurities. 

A  detailed  study  of  the  derivative  absorption  of  GaAs:Cr  was  completed.  The  extensive  fine 

structure  observed  for  the  first  time  out  of  a  previously  observed  smooth  absorption  background  by 

+4  +3 

conventional  absorption  techniques  was  correlated  with  a  proposed  energy  scheme  for  (Cr  -Cr  ) 
ions  in  GaAs.  This  work  indicates  that  a  comparable  number  of  Cr  ions  are  at  tetragonal  and 
trigonal  sites.  This  work  has  been  published;  a  reprint  of  this  publication  is  included  in  the 
Appendix  of  this  report. 

The  versatility  of  this  system  was  further  demonstrated  by  a  study  of  die  band  structure  of 
metal  alloys  reported  in  a  series  of  papers  included  as  reprints  in  the  Appendix. 

A  study  of  bulk  and  surface  absorption  in  a  range  of  materials  employed  this  system.  The 
results  of  the  study  of  deep  levels  in  semi-insulating  GaAs,  surface  layers  on  Si,  GaAs,  and 
HgCdTe,  oxygen  complexes  in  floating  zone  silicon  and  the  determination  of  strain  ion  due  to 
implanted  layers  was  presented  in  various  publications,  reprints  of  which  are  included  in  the 
Appendix. 

The  results  of  the  above  studies  demonstrate  that  the  wavelength  modulation  system  we  have 
developed  is  a  unique  tool  for  studying  low  level  absorption  in  materials.  The  sensitivity  of  the 
method  as  well  as  the  unambigous  line  shapes  obtained  allow  one  to  identify  excited  states  as  well 
as  ground  states  of  defects  in  semiconductors,  as  opposed  to  electrical  methods  such  as  the  variety 
of  DLTS  techniques,  which  are  essentially  thermal  methods  and  merely  determine  ground  states.  At 
present  there  is  a  tendency  to  utilize  FTIR  techniques  to  arrive  at  material  characterization 
standards  for  impurity  concentrations  in  semiconductors  for  the  microelectronics  industry.  This 
approach  depends  upon  the  multiplexing  advantage  of  interferometry  if  one  desires  to  examine  a 
broad  spectral  range.  However,  when  one  has  a  narrow  spectral  range  to  identify  energy  levels, 
the  multiplexing  advantage  of  interferometry  vanishes  and  infrared  wavelength  modulation  will 
have  a  greater  sensitivity. 


B.  Photo-Induced-Transient-Spectroscopy  of  Semi-Insulating  (LEC)  GaAs. 

Acomputercontrolledphoto-induced-transient-spectrometer(P.I.T.S.)wasconstructedand 
employed  for  the  study  of  the  electrical  manifestations  of  deep  levels  in  semi-insulating  GaAs.  A 
detailed  study  was  completed  of  the  levels  in  LEC  GaAs  in  sections  of  the  same  samples  that  were 
employed  for  our  wavelength  modulation  measurements  so  as  to  obtain  a  possible  correlation 
between  optical  absorption  and  the  P.I.T.S.  measurements.  Measurements  were  performed  on 
samples  which  received  a  variety  of  heat  treatment 

A  rich  spectrum  of  deep  levels  were  observed  in  samples  not  subjected  to  any  heat  treatment 
after  they  were  initially  grown.  However,  there  was  significant  differences  between  the  as-grown 
samples  and  the  same  samples  which  received  head  treatment.  Levels  at  0.S2,  0.42  and  0.36  eV 
in  as-grown  samples  readily  annealed;  there  seems  to  be  a  correlation  between  there  P.I.T.S.  results 
and  similar  levels  observed  in  our  wavelength  modulation  measurements  which  were  identified  as 
structural  defects.  However,  an  exact  correlation  by  these  different  methods  must  take  into 
account  the  fact  that  the  P.I.T.S.  results  yield  information  on  the  thermal  emission  rates  from  a 
level  to  a  band,  whereas  the  optical  absorption  measurement  yields  information  regarding  intra¬ 
center  as  well  as  transitions  to  bands  before  thermal  relaxation. 

This  work  has  been  submitted  for  publication  to  The  Journal  of  Physics  and  Chemistry  of 
Solids,  a  preprint  of  which  has  been  included  in  the  Appendix.  A  complete  exposition  of  this 
work  is  contained  in  a  thesis  by  M.Burd  entitled:  “A  Study  of  Deep  Levels  in  Semi-Insulating 
Layers  ofLiquid-  Encapsulated-Czochralski-Grown  Gallium  Arsenide  by  Photo- Induced-Transient- 
Spectroscopy.” 

Further  study  of  the  observed  levels  which  readily  anneal  out  and  reappear  upon  thermal 
quenching  is  worthy  of  future  study  in  GaAs  and  other  III-IV  and  II-VI  compounds;  the  proclivity 
of  these  material  to  contain  annealable  defects  can  be  exploited  for  device  fabrication. 
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C.  Raman  Backscattering 

Raman  backscattering  was  employed  as  a  non-destructive  technique  for  the  study  of 
surface  treatment,  strain  due  to  passivation  layers,  and  changes  in  the  space-charge  layer  near  the 
surface.  By  observing  the  changes  in  the  width  and  position  of  the  LO  phonon  in  the  depletion 
layer,  inhomogeneous  strain  associated  with  lattice  defects  can  be  inferred.  From  the  shift  of  the 
high  frequency  coupled  L+  mode  in  the  bulk  beyond  the  depletion  layer  it  was  possible  to  observe 
increases  or  decreases  in  the  charge  carrier  concentration  near  the  surface  depending  on  the  surface 
treatment. 

The  growth  of  an  oxide  in  a  III-V  compound  surface  is  a  topic  of  current  research  with  both 
technological  and  fundamental  interest.  Some  insight  into  the  kinetics  of  the  oxidation  of  GaAs 
was  obtained  by  studying  the  time  dependence  of  the  growth  of  crystalline  arsenic  during  the 
oxidation  of  GaAs  as  monitored  by  Raman  backscattering.  It  was  found  that  a  surface  diffusion 
process  rather  than  bulk  diffusion,  as  was  formerly  thought,  is  operative  for  the  production  of 
elemental  arsenic.  An  enhancement  of  the  growth  of  crystalline  arsenic  was  observed  due  to  5 145 
A  illumination.  These  measurements  have  shown  that  the  surface  diffusion  barrier  energies  and 
sticking  coefficients  involved  in  arsenic  grain  growth  are  determined  by  the  charge  states  of  the 
grain,  which  in  turn  is  determined  by  the  Fermi  level  of  the  GaAs  substrate. 

This  work  has  been  completed  and  has  been  submitted  for  publication  in  The  Journal  of 
Physical  Chemistry  of  Solids.  A  preprint  of  this  work  entitled  “Arsenic  Growth  on  the  Gallium 
Arsenide  Surface  During  Oxidation”  is  included  in  the  Appendix.  A  more  complete  exposition  of 
this  work  is  contained  in  a  thesis  by  R.  Martin  entitled:  “Raman  Scattering  from  Subsurface 
Regions  of  Semiconductors.” 

The  above  work  indicates  that  Raman  scattering  is  an  exellent  technique  for  monitoring  the 
surface  condition  of  semiconductors.  The  use  of  this  technique  for  studying  nucleation  processes 
during  interface  growth  is  worthy  of  continued  study. 


D.  Photo-Mixing  Determination  of  Hot-Carrier  Drift  Velocities 

A  technique  of  photo-mixing  was  developed  to  measure  drift  velocities  in  the  hot-carrier 
small  distance  regimes  in  semiconductors.  The  method  consists  of  mixing  two  microchromatic 
optical  frequencies  to  generate  a  microwave  difference  frequency  (co)  whose  power  is  independent 
of  (x)  [the  minority  carrier  lifetime]  and  is  proportional  to  the  drift  mobility  squared  if  art »  1.  If 
cox  -  1  or  cox  <C  1  the  output  power  depends  on  the  lifetime.  By  measuring  the  microwave  power, 
the  dark  current,  and  the  photo-current  as  a  function  of  electric  field,  the  field  dependence  of  the 
drift  velocity  and  lifetime  as  a  function  of  temperature  can  be  determined.  Measurements  were 
made  on  GaAs,  HgCdTe,  and  Si  with  contact  separations  of  the  order  of  microns.  Extensive 
measurements  were  made  on  the  field  and  temperature  dependence  of  the  carrier  lifetimes  in  GaAs 
which  gave  some  insight  into  the  little  known  extrinsic  recombination  centers  in  GaAs.  Abstracts 
of  this  work  were  given  at  the  International  Conference  on  the  Physics  of  Semiconductors, 
Stockholm,  talks  at  Wright  Patterson  Airforce  Base,  the  Aerojet  ElectroSystems  at  Azuza,  and  the 
March  1987  Meeting  of  the  American  Physical  Society;  Publications  of  this  work  are  in 
preparatioa 

The  technique  of  photo-mixing  is  proving  to  be  a  useful  technique  to  measure  transport 
properties  in  the  small  channel  regime.  Measurements  up  to  the  present  were  performed  on 
micron  channels;  the  sensitivity  of  the  technique  will  allow  measurements  in  sub- micron  structures 
in  the  ballistic  and  velocity  overshoot  regimes. 

E.  Collaborative  Work  on  HgCdT e. 

Although  the  dominant  effort  in  this  program  was  directed  toward  GaAs  some 
collaborative  work  was  conducted  with  groups  involved  in  the  characterization  of  HgCdTe. 
Reprints  of  the  resulting  publications  are  included  in  the  Appendix. 


ffl.  SUMMARY  AND  CONCLUSION 


The  techniques  of  infrared  wavelength  modulation,  photo-induced-transient  spectroscopy, 
Raman  Scattering,  and  photo- mixing  form  a  combination  of  nondestructive  techniques  to  determine 
deep  levels,  surface  properties,  and  transport  processes  in  a  wide  class  of  semiconductors.  The 
above  nondestructive  analytical  techniques  enable  a  rapid  assessment  of  the  initial  characteristics  of 
the  semiconductor  as  well  as  changes  that  may  occur  during  device  processing  and  can  ultimately 
be  used  on  the  production  line. 
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DERIVATIVE  ABSORPTION  SPECTROSCOPY  OF  GdAs:Cr 
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Infrared  wavelength  modulation  measurements  at  300K  in  the  spectral  range  0. 5-1.4  eV 
on  semi-insulating  n  and  p-type  Cr  doped  GaAs  have  revealed  extensive  fine  structure 
with  variations  m  absorption  coefficient  AK  a,  10” 1  -10”2cm_1  out  of  a  relatively 
smoothly  varying  background  absorption  of  1-2  cm***.  These  results  can  be  interpreted 
in  terms  of  transitions  from  (Cr2  +  -  Cr2+)  to  the  valence  and  conduction  bands  and 
excited  states. 


1.  INTRODUCTION  -  EXPERIMENTAL  PROCEDURES 

Although  the  deep  levels  of  Cr  in  GaAs  have  been 
extensively  studied  by  luminescence,  absorption, 
photoconductivity  and  junction  techniques,  there 
are  still  questions  concerning  the  possible 
energy  level  schemes  of  this  important  deep 
impurity.  In  general,  excited  states  are  not 
observed  by  the  above  techniques  and  absorption 
thresholds  are  not  easny  observed.  We  have 
developed  an  infrared  wavelength  modulated 
spectrometer  that  is  capable  of  detecting 
changes  in  absorption  of  a  part  in  10^  out  of 
a  relatively  smoothly  varying  background  in 
the  spectral  range  0.05-5.0  eV.  Consequently, 
our  detection  limit  for  concentrations  of 
deep  levels  is  lO^2-  10^4/cm-J  which  was  previously 
only  possible  by  DLTS  techniques.  It  has  been 
possible  to  observe  absorption  thresholds  and 
excited  states  in  highly  transparent  solids  (1). 

In  the  present  work,  we  report  the  results  of 
a  study  of  semi- insulating  GaAs:Cr  compensated 
with  n  and  p-type  impurities.  Structures 
have  been  resolved  in  previously  reported 
smoothly  varying  absorption  bands  which  we 
interpret  m  terms  of  the  level  of  Cr  at  various 
lattice  sites.  The  infrared  wavelength 
modulation  system  used  in  our  work  has  been 
previously  described  (1). 

2.  RESULTS 

Figures  1  and  2  show  the  integrated  derivative 
wavelength  data  of  semi- insulating  GaAs:Cr 
at  300K  with  varying  degrees  of  shallow  donor 
and  acceptor  compensations.  The  constants  of 
integration  were  supplied  by  direct  absorption 
measurements.  Although  data  was  taken  m  the 
spectral  range  0.5-1. 5  eV,  for  purposes  of  the 
present  discussion,  we  shall  discuss  the  data 
for  the  0.5-1. 2  eV  region  since  the  vast 
literature  on  GaAs:Cr  has  considered  this 
regime.  The  region  above  1 . 2  eV  shows  structures 
wmch  can  be  associated  with  transitions  from 
the  Ci2*  ground  state  to  the  X  and  L  conduction 
bands  as  well  as  EL2  structures.  The  scale  of 
the  absorption  should  be  noted;  in  general  the 
best  previous  absorption  data  have  a  precision 
of  AK  •  0.1  cm”1  ( 2 ).  The  present  work  reveals 
structures  at  levels  of  K  <1Q“-  cm”1  in  samples 
of  the  order  of  imm  tmck. 


The  samples  were  all  semi- insulating  and  con¬ 
tained  v  lO^/cm2  Cr  and  where  grown  by  horizon¬ 
tal  Bridgman  techniques.  The  samples  in 
Figure  1  were  highly  compensated  while  those  in 
Figure  2a  and  2b  were  slightly  more  p  and  n-type 
respectively.  Although  quantitative  measure¬ 
ments  of  shallow  donor  or  acceptor  compensation 
are  difficult  for  such  high  resistivity  samples, 
qualitative  differences  in  n  and  p-type  were 
measured  by  the  changes  in  the  characteristics 
of  the  space-charge  limited  I-V  curves  under 
illumination  and  in  the  dark. 

The  general  features  of  the  data  exhibit 
clusters  of  lines  in  the  0.5-0. 7,  0.8-0.95 
and  the  0.95-1.05  eV  regions  with  extensive 
fine  structure  in  every  region,  but  with  more 
pronounced  structures  in  the  0.8-0.93  eV 
range.  Previous  conventional  absorption 
measurements  have  shown  a  no-phonon  line  in 
the  0.82  region  (2)  and  a  broac  continuum 
peaking  at  0.9  eV  for  n-type  material.  In 
the  0.5-0.72  eV  region,  previous  absorption 
measurements  showed  no  fine  structures  but  a 
smoothly  varying  free  carrier  absorption.  A 
number  of  luminescence  bands  have  been  observed 
in  GaAsrCr  in  the  range  0.57-0.81  eV,  but 
their  interpretation  has  been  difficult  13). 

The  relative  magnitudes  and  the  fine  details 
vary  from  sample  to  sample  as  seen  in  Figures  1 
and  2,  but  the  envelopes  of  the  dominant 
structures  tend  to  vary  in  a  systematic  fashion 
with  a  degree  of  compensation.  Samples  in 
Figure  1  show  essentially  the  same  features 
but  the  sample  in  Figure  lb  exhibits  finer 
structure  at  0.9-0. 9  eV  while  the  bands  in 
the  0.5-0.72  eV  have  somewhat  the  same 
relative  intensities.  These  samples  were  from 
the  same  crystal,  but  different  parts  of  a 
single  wafer.  The  samples  in  Figure  2a  and  2b 
were  more  heavily  doped  p  and  n-type  res¬ 
pectively  than  the  samples  in  Fiaure  1.  It 
should  be  noted  that  the  relative  intensities 
of  the  0.5-0.72  eV  bands  chanue  in  Fiaures  2a 
and  2b  with  the  0.^7  band  enhanced  in  the 
n-type  sample  while  the  0.58  eV  band  is 
enhanced  m  the  p-type  sample  and  the  general 
level  of  absorption  has  increased  over  that 
of  Figure  1.  In  addition,  in  the  p-type 
sample,  the  cluster  of  lines  between  0.8  eV 
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and  0.9  eV  have  suppressed  while  the  fine  structu: 
is  maintained  m  the  n- type  sample. 


:.  DISC'JSSICN 

The  explanation  of  some  of  the  varied  structures 
and  tneir  variation  with  the  decree  of  free 
carrier  compensation  can  be  explained  in  terms 
of  transitions  between  iCr-'*  -  C r4-*)  states 
m  a  tetragonal  environment  and  the  conduction 
.ir.u  valence  bands  and  excited  states.  Figure  1 
snows  a  level  scheme  of  a  stJte  of  Cr-V 
-.laced  within  the  energy  jar;  of  "a As  (4),  we 
snail  see  that  the  explanation  of  the  bands  in 
tne  ev  region  cannot  be  ex:  la  mod  by 

this  level  scheme  but  is  consistent  with  Cr-* 
com?  m  i  symmetry  site. 


The  data  m  the  9.3-1.  )S  eV  region  snows  t\ 
mam  thresholds  roughly  around  l.f  eV  and  1 
other  around  0.9  3  eV  with  fine  struct.. re  i: 
eacn  band  with  the  9.3  eV  threshold  enhano 
in  the  more  n-tyro  samples,  '••■e  can  ittribi 
the  0.3  eV  transition  from  trie  Or-*  ..'round 
state  to  a  resonant  state  in  the  ccnducti u 
band:  5B2'?T;>  >Sai'SE).  m  f.i-r*’ 

•  4).  The  second  threshold  can  be  user:  be.: 
to  the  transition  from  the  v.uor.-'c  bo.  ...  to 
the  Cr~f  Level  0r“*  < -T 4),  i.e.  Pj  and 
The  -Tj  state  can  ue  s:  lit  :;y  a  -etro 
Jann-Telier  distortion  into  a  an:  "d  b 

The  around  state  can  u.-  further  split  by  si 
oroit  couj'lm  : ,  however  those  »ie  u-'t  snowi 
because  of  the  scale  at  the  resolution  ; 
our  experiments.  The  sr.ruc  t  „t  u  'ceu  in  tm 
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).  *1  -  1..J5  ev  region  can  be  associated  with  valence 
bana  to  2c  J*.  ? 2  ?•>»  transitions.  Various 

estimates  nave  been  made  of  the  magnitude  of 
tne  Jahn-reller  distortion  for  C*’4’  and  these 
have  varied  from  175  ctn-i  to  700  cm”*  (2).  If 
we  take  tne  teak  at  0.95  eV  and  the  shoulder 
at  1.04  eV  is  due  to _ the  transitions  from  the 
valence  band  to  and  #  P?» 

respectively  tne  Jahn-Teller  distortion  £j^ 

J00  cm"*.  The  transition  ^Sj-^E  has  not  been 
seen  m  absorption  in  JaAs:Cr  despite  extensive 
st-aies  which  merely  reveal  free  carrier 
assort,  t  ion  m  this  region. 


Aithoucn  ail  :ur  absorption  measurements  show 
extensive  stricture  m  the  3.8-3.3  3  ev  -  more 
sc  m  r.-ty:.e  samples,  most  previous  measure¬ 
ments  snow  a  broad  pea*  around  0.3  e'.‘.  Recently 
0)  an  absorption  Dana  at  0.31  eV  ana  a  no- 
■  n.cr.c:.  line  have  been  resolved  and  have  seen 
inter:  reted  as  the  interval  transition  .  3t 

of  Gr“*.  It  is  of  interest  to  note  that 
tne  fine  structure  around  3.6  eV  m  figure  1 
mayco  iue  to  those  no-pr.anon  lines,  although 
;-r  measurements  were  performed  at  ?00K  while 
tne  aoove  work  was  at  4K.  Luminescence 
experiments  nave  shown  a  «,una  ;»t  3. -si  ev*  and 
a  no-' nonon  line  at  3.533  eV  «5i.  These  Lines 
nave  commonly  oeen  considered  to  be  an  internal 
'=>  -Tj  transition  of  Jr**,  however,  it  has  been 
;i  :uua  that  the  around  splitting  ; :  tne  J.83  - 
o',  line  is  ..".consistent  with  E.E.R.  measurements 
)  . 


The  luminescence  bands  m  JaAs:Cr  at  0.57,  0.61, 
0.-j4,  0.68  eV  have  been  difficult  to  interpret; 
it  has  been  suggested  that  the  0.57  and  0^61  eV 
bands  are  due  to  the  transition  from  a  Cr* 
to  me  valence  band  and  from  the  conduction 
band  to  a  Cr  *  t6) .  The  0.62  eV  band  is 
always  present  m  n-cype  material  wmie  m 
semi- insulating  or  p-typ-e  CaAs:Cr  the  0.57  eV 
is  more  intense,  while  accompanied  oy  the 
0.8  eV  band  ana  thus  can  be  attributed  to  the 
Cr  state.  Arguments  have  recently  been 
advanced  that  dispute  that  the  0.829  eV  and 
the  no-phonon  line  as  beinc  related  to  a 
sinale  Cr  acceptor  center  m  a  tetrauonai  Ga 
site  (3).  It  has  been  proposed  that  the 
0.829  eV  band  and  the  0.574  0.535  eV  lines 
are  due  to  Cr  at  a  Cjv  symmetry  site  induced 
by  coupling  of  a  chromium  atom  at  an  inter¬ 
stitial  or  on  a  3a  site  to  a  first  neighbor 
impurity  (2).  For  a  triaonal  field,  C7  , 
this  work  snows  that  there  is  a  reorder  mo  of 
the  Cr  levels  different  from  the  tetragonal  site 
shewn  m  Fiaure  3.  For  mtersitiai  chromium 
at  a  tnacnai  Cjv  site  coupled  to  an  acceptor, 
the  ordering  of  the  orbital  levels  are  ^E,  "A, 
ana  3E  from  lower  to  upper.  .  While  for  a  sub¬ 
stitutional  chromium  at  2 \v  symmetry  site  coupled 
to  a^ionor  the  ordering  from  lower  to  upper  is 
^E,  'Ap  5E.  The  0.574  eV  and  its  associated 
emission  are  interpreted  as  transitions  from 
the  ?r*2uind  state  to  the  valence  band. 

It  is  strongly  suggestive  that  the  absorption 
bands  observed  m  the  present  work  are  re  la tea 
to  the  luminescence  bands  m  this  spectral 
reoior. .  It  snould  be  noted  that  for  the 
samples  in  Figures  2a  and  2t,wnich  have  a 
sliantiv  higher  doping,  the  level  of  absorption 
is  greater  for  these  bands  than  m  the  more 
compensated  samples  of  Figures  la  and  lb.  In 
the  p-type  sample  of  Figure  2a,  the  0.585  ev 
line  is  enhanced  over  the  3.641  e'.;  line,  wnile 
for  tne  n-tyt  e  sample  the  0.671  eV  line  is 
ennar.ced  over  the  3.59,  0.o2  and  0.64  ev  lines. 
Thus  it  seems  that  these  absorption  bands  can 
be  the  complements  of  the  lummesence  bands. 

The  complexity  of  this  structure  is  evident 
ana  if  they  are  due  to  3  -,v  trioor.al  symmetry 
due  to  coupling  with  Cr  to  donor  or  acceptor 
complexes,  the  subtle  cnar.ues  are  due  to 
decree  of  compensation  and  consequent  position 
of  the  Fermi  level  m  these  four  semi- 
insuiatinu  samples.  The  level  of  absorption 
m  the  3.3  -  >.~2  eV  and  3.85  -  1.05  eV  regions 
would  moicate  that  about  a  comparable  number 
of  Cr  atoms  are  at  tetrauonai  and  tnuonai 
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De-Correlation  Technique  for  Separation  of  Drnde  Parameters 
from  Wavelength  Modulation  Spectroscopy  Data*) 

By 

M.  Buhd,  R.  Stearns*),  and  R.  Braun  stun 

Separation  of  bound-  and  free -electron  contributionsto  the  dielectric  function  is  necessary  for  an 
accurate  analysis  of  interband  tranaitiona.  A  technique  for  doing  this  separation  which  does  not 
require  low  energy  data  is  presented.  The  technique  makes  use  of  the  fact  that  the  functions  which 
describe  the  contributions  of  each  part  are  sufficiently  un correlated,  allowing  the  construction  of 
a  correlation  function  which  uses  the  Drude  effective  mass  and  Drude  relaxation  time  as  adjustable 
parameters.  The  technique  is  shown  to  properly  separate  a  test  function  and  to  yield  reasonable 
results  from  experimental  data. 

Une  analyse  rigoureuae  dee  transitions  entre  bandes  nScessite  one  separation  entre  les  contributions 
dee  electrons  libres  et  celles  des  electrons  lies.  Nous  presentoas  ici  une  technique  pour  effectuer  une 
telle  separation  qui  n’exige  pas  de  donneea  k  bases  energie.  La  technique  en  question  utilise  le  fait 
que  les  fonctiona  dtcrivant  les  deux  types  de  contributions  sont  snffisemment  non  correiees.  Cela 
permet  de  construire  une  fonction  de  correlation  en  faiaant  de  la  mssse  effective  de  Drude  et  du 
temps  de  relaxation  de  Drude  des  pars  metres  ajustables.  Nous  montions  que  cette  technique  edpare 
proprement  une  fonction  test  et  foumit  des  risultata  raiaonnables  k  partir  de  donneea  experimen¬ 
tal  es. 


1.  Introduction 

The  dielectric  function,  e(co),  contains  important  information  about  the  optical  proper¬ 
ties  of  solids.  It  is  defined  as  the  response  of  a  crystal  to  an  electromagnetic  field, 

D{oi)  =  e(oi)  E(ta) .  (1) 

The  dielectric  function  is  sensitive  to  the  electronic  band  structure  of  the  material, 
and  the  determination  of  the  dielectric  function  by  optical  spectroscopy  is  an  important 
tool  for  investigating  the  overall  band  structure. 

The  broad  bands  found  in  solid  state  spectroscopy  are  convolutions  of  a  number  of 
contributions  which  emerge  when  derivatives  of  the  reflectance  are  taken.  A  number 
of  modulation  techniques  are  available,  which  include  temperature  [1,  2],  electric 
field  [3,  4],  pressure  or  uniaxial  stress  [5,  6]  modulation.  Wavelength  modulation  is 
employed  in  these  studies  because  of  the  unambiguous  lineshapes  which  emerge 
[7  to  11].  Transitions  are  strongest  at  points  where  the  lower  and  upper  bands  are 
parallel,  i.e.,  at  frequencies  which  satisfy 

We(k)  -  £„(*)]  *  0  ,  (2) 

where  Ec  and  Ew  are  the  energies  of  the  upper  and  lower  bands,  respectively.  At  these 
critical  points  in  Ir-space,  which  are  the  van  Hove  singularities  [12],  the  joint  density 
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of  states  is  singular.  These  critical  points  dominate  the  interband  structure  of  the 
reflectivity  spectrum.  With  the  proper  experimental  feedback,  band-to-band  energy 
differences  can  be  calculated  with  an  accuracy  of  0.1  eV.  Energy  band  calculations  are 
usually  adjusted  to  fit  the  results  of  optical  determinations  of  interband  transition 
energies. 

It  is  necessary  to  find  the  real  and  imaginary  parts  of  the  dielectric  function,  ex  and 
t,,  and  their  derivatives  to  examine  the  interband  structure  of  the  material  under 
study.  However,  the  dielectric  function  may  not  be  directly  available  from  experimen¬ 
tal  measurements.  In  some  experiments,  the  reflectivity,  R{u>),  is  obtained  by  inte¬ 
grating  the  data  from  wavelength  modulation  spectroscopy;  the  real  and  imaginary 
parts  of  the  dielectric  function  are  subsequently  calculated  by  a  Kramers-Kronig 
analysis  [13].  WThen  the  material  being  studied  is  a  metal  or  metal  alloy,  however, 
another  step  is  needed.  The  dielectric  function  is  the  sum  of  two  parts,  a  contribution 
due  to  interband  structure  and  a  contribution  due  to  intraband  transitions  of  the 
electrons  at  the  Fermi  level  in  the  partially  filled  conduction  bands.  In  order  to  sepa¬ 
rate  the  interband  and  intraband  transitions,  low-energy  data  are  required  which 
sometimes  are  not  readily  available. 

We  report  a  new  technique  for  separating  these  contributions.  For  continuity  of 
presentation.  Section  2  of  this  paper  will  review  the  classical  formalism  which  is  used 
to  describe  the  intraband  contribution.  Section  3  will  deal  with  the  interband  struc¬ 
ture,  and  Section  4  will  present  the  new  method  of  separation. 


2.  Classical  Drude  Theory 

The  classical  Drude  theory  of  the  electronic  properties  of  solids  is  due  mainly  to 
Lorentz  [14]  and  Drude  [15].  The  Lorentz  model  assumes  that  an  electron  bound  to 
the  nucleus  of  an  atom  may  be  dealt  with  in  much  the  same  way  as  a  small  mass  bound 
to  a  large  mass  by  a  spring.  A  classical  damped  oscillator  model  yields  the  Lorentz 
dielectric  function 


,  ,  4 xNt»  1 

B  =  1  + - - - - — 

m  (to*  —  to*)  —  i/to 


(3) 


where  /"is a  viscous  damping  coefficient,  N  the  electron  density,  and  mtojjr  is  a  Hooke's 
law  force.  The  Drude  model  for  metals  is  derived  from  the  Lorentz  model,  the  con¬ 
duction  electrons  in  a  metal  are  not  bound  to  a  nucleus  so  the  restoring  force  is  set 
equal  to  zero. 

When  to,  is  set  to  zero  in  (3)  and  real  and  imaginary  parts  are  taken,  we  have 


e,  =  1  — 


tO*T* 

1  +  C0*T*' 


(4a) 


** 


CO*T* 

to(l  +  tO*T*) 


(4  b) 


where  top  =  is  the  free -electron  plasma  frequency,  and  r  =  1/f  is  a 

relaxation  due  to  the  ordinary  scattering  responsible  for  electrical  resistivity. 

The  Drude  model  provides  a  good  fit  for  the  optical  properties  of  metals  at  energies 
below  those  of  any  interband  transition.  The  experimentally  derived  dielectric  func¬ 
tion  may  be  fitted  to  equations  (4a)  and  (4  b)  where  m  is  now  replaced  by  an  effective 
mass,  m *,  and  to*  and  r  are  used  as  adjustable  curve-fitting  parameters.  Once  this  ib 
done,  the  Drude  dielectric  function  may  be  subtracted  from  the  total  dielectric  func¬ 
tion  throughout  the  spectum  to  yield  the  interband  contribution. 
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One  would  expect  that  at  energies  where  the  photon  energy  is  greater  than  the 
width  of  the  actual  bands  in  a  solid,  the  Drude  model  could  not  be  used.  However,  it 
should  be  remembered  that  the  Drude  model  is  simply  a  classical  approximation  and 
that  the  values  found  for  m*  and  r  are  measures  of  the  fitness  of  that  approximation 
at  the  Fermi  level. 

3.  Interhand  Transitions 

Points  in  Ic-space  for  which  (2)  applies  are  van  Hove  singularities.  These  critical 
points  form  the  dominant  contribution  to  the  interband  part  of  the  dielectric  function. 
There  are  four  types  of  critical  points  which  are  labelled  as  M(  critical  points,  with 
$  —  0, 1,  2,  3  for  the  number  of  negative  values  of  the  effective  masses  associated  with 
the  band  curvatures  at  these  points.  The  lineshapes  of  the  four  types  of  critical  points 
determined  by  the  joint  density  of  states,  J„  ,  without  broadening  are  summarized 
in  Table  1.  * 

Tablet 

Jtr  far  critical  points 


critical 

•^CT 

point 

1  <  *tu. 

3  >*«, 

M. 

0 

C,(S  -  s «,)!/* 

M, 

C,  -  -  K)il* 

C, 

C, 

C,  -  C'*K  -  *«,)>/* 

M, 

C^Sto,  -  X)«/* 

0 

The  effects  of  phonon  broadening  may  be  included  in  the  dielectric  function  by 
introducing  a  phenomenological  broadening  parameter,  r\.  A  dielectric  function  which 
includes  broadening  near  an  M,  critical  point  can  be  defined  by  [16,  17] 

i  -  1  ~  (<u  +  [2u>\n  4  (to,  —  to  —  **j)*/*  +  (to,  +  to  +  **7),/*l  .  (5) 

When  derivative  spectroscopy  is  being  done,  the  derivatives  of  e  need  to  be  con¬ 
sidered.  If  the  broadening  parameter,  rj,  is  small  (to  <^to,).  the  main  contribution 
to  the  derivative  of  (S)  is  due  to  the  (a*,  —  a>  —  ir))I/*  term.  This  term  is  singular  in  the 
limit  r\  —  0  while  the  other  terms  are  well  behaved.  Using  an  M,  critical  point  as  an 
example,  and  defining  a  reduced  frequency  W  —  (to  —  to f)/rj.  we  obtained  [18.  19] 

^  ~  R«  (w  +  »>?)-'  (to,  —  to  -  irj)-1'*] 

v-vt  [Jf«  +  !]->/*  [(IT*  +  1)««  -  W]>« 

-ji?-1"  F(-W),  (6a) 

^  ~  Im  ^  (to  4-  try)-’  (to,  -  to  -  117) _  1/1 J 
4  !]->«  [(H’«  4  l)'n  4 

F(H')  •  (6b) 
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Fig.  1.  Universal  function  derived  by  Batz 
[18].  The  function  F(lf)  =  ( W*  4-  l)-»«  x 
X  [(«’»  +  1 )»«  +  B']i'*t  where  If  it  a  nor¬ 
malized  frequency.  »?->/*/'(  IT)  becomes 
(to  —  «og)rit  in  the  limit  t)  —  0.  If  = 
—  («o  -  tog)/»j 


The  universal  function  /'(If)  was  derived  by  Batz  [18]  and  is  illustrated  in  Fig.  1.  It  is 
found  that  the  derivative  spectra  around  other  types  of  critical  points  can  also  be 
expressed  in  terms  of  this  function.  The  results  are  summarized  in  Table  2.  The 
function  rj-,/*  /’(IF)  goes  to  (to  —  tog)-1/2  in  the  limit  t)  — •  0,  as  expected. 

Table  2 


Derivatives  of  critical  points  with  broadening 
included  in  terms  of  F(  If) 


critical 

point 

dilt 

2ij  >«  if* 

dot 

M. 

F(-W ) 

F(W) 

M, 

-F(W) 

F(-W) 

M, 

—  F{—W) 

-F(W) 

M, 

F(W) 

—F(—W) 

4.  Separation  of  Bound-  and  Free-Electron  Contributions 

When  experimental  data  exist  for  energies  less  than  any  interband  transition,  the 
Drude  forms  in  (4a)  and  (4b)  may  be  fit  to  these  low-energy  data  in  order  to  determine 
m*  and  r.  The  spectral  range  of  our  wavelength-modulated  spectrometer  is  1.5  to 
5.1  eV.  Since  many  metals  and  metal  alloys  have  significant  interband  structure  down 
to  the  lowest  energies  of  this  spectral  region,  the  above  method  cannot  be  used.  How¬ 
ever,  when  the  derivatives  of  (4  a)  and  (4b)  are  compared  to  (6a)  and  (6b).  it  is  noted 
that  the  Drude  dielectric  function  and  the  interband  term  at  the  critical  points  are 
sufficiently  uncorrelated  to  justify  the  method  used  here  to  separate  them. 

The  method  of  separation  is  the  use  of  m*  and  t  as  adjustable  parameters  in  writing 
a  trial  Drude  function,  subtract  the  Drude  function  from  the  total  dielectric  function 
obtaining  a  difference  function,  and  calculate  the  correlation  of  the  Drude  and  differ¬ 
ence  functions.  The  de-correlation  function  may  be  written  [20]  as 

,  .  (co V  [Bf,  A,  -  B,])* 


-  B,U(A„  -  B„)  -  (A,-  B,)]  .  (7b) 


“  7'  »  ’  t 


»'(*.]  V[A i  -  B,] 


where 


cov  [B,,  A,  -  B,]  =  —  y  (£„ 
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(7  c) 

The  function  A  is  the  derivative  of  the  experimental  dielectric  function,  and  £  is  the 
derivative  of  the  trial  Drude  function.  The  sums  are  over  data  points,  N,  the  subscript 
;  =  1  or  2  for  the  real  or  imaginary  parts,  and  the  bars  indicate  averages  over  all 
points,  cov  {Bj,  At  —  B ,]  is  the  covariance  of  Bf  and  Af  —  Bt.  F[£,]  is  the  variance 
of  B,. 

A  computer  program  has  been  written  which,  for  a  given  r,  finds  the  value  of  m* 
which  best  minimises  (7a)  [19].  This  produces  two  curves  m*( t),  one  for  ;  =  1  and 
another  for  j  =  2.  Then  these  two  curves  are  plotted  together;  their  intersection  gives 
the  physical  values  of  m*  and  r.  These  are  the  correct  values  of  the  Drude  parameters 
since  they  are  the  ones  which  simultaneously  minimize  the  de-correlation  function  for 
both  the  real  and  imaginary  part.  In  each  de-correlation  function  alone  there  is  only 
one  independent  variable,  which  has  been  chosen  to  be  t.  When  r  is  fixed,  there  will 
always  be  some  value  of  m*  which  best  minimizes  Ct(m *,  r).  When  values  of  m*  and  r 
are  found  which  minimize  both  Cx  and  C,t  we  have  confidence  that  we  have  found  the 
correct  physical  values.  Once  m*  and  r  are  determined  the  Drude  part  of  e  is  subtracted 
leaving  the  interband  part. 

To  test  the  method,  a  trial  function  was  formed.  It  was  the  sum  of  Drude  and  inter¬ 
band  contributions  in  the  range  from  1.5  to  5.1  eV.  The  Drude  term  was  given  an 
effective  mass  of  1.4  electron  rest  masses  and  a  relaxation  time  of  1.2  x  10_,i  s.  These 
values  are  within  the  normal  range  found  in  typical  metals.  The  interband  part  had  an 
M0  critical  point  at  2.5  eV  and  an  M,  critical  point  at  4.0  eV.  The  two  parts  were  cal- 


Fig.  2.  Results  of  de-correlation  functions  for  the  test  functions  described  in  the  text.  A  function, 
s»*(t),  is  generated  for  each  de-correlation  function,  C,  and  C,.  m*(r)  is  the  value  of  the  effective 
mass  which  best  minimise*  C,  or  C}  for  a  given  value  of  the  relaxation  time,  t.  One  curve  is  gene¬ 
rated  by  using  in  (7  a)  to  (7  c)  and  the  other  curve  is  from  tj.  The  point  where  the  curve*  cross 
represent*  the  correct  physical  value  of  m*  and  t.  Test  function:  m*/m  —  1.39,  r  —  1.19  x  10"1*  s 

Fig.  3.  Dielectric  function  of  fl'-AuZn  which  was  used  to  test  the  de-correlation  technique,  a)  Real 
part,  b)  imaginary  part,  The  derivatives  of  these  were  used  to  find  the  Drude  parameters 
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Fig.  4  Fig.  5 

Fig.  4.  Result*  of  the  de-correlation  functions  for  ft'-AuZn.  The  point  where  the  curves  cross  is  at 
m*/m  »  1.10  electron  masses  and  r  =  2.76  x  10~M  a 

Fig.  5.  Interband  contribution  to  the  dielectric  function  of  (I'-AuZn.  The  Drude  parameters  found 
in  Fig.  4  were  used  in  (4a)  and  (4b),  which  was  then  subtracted  from  the  experimental  dielectric 
function  of  Fig.  3 


culated  using  (4a)  and  (4b)  and  Table  2.  The  curves  for  the  solution  of  the  test  function 
are  shown  in  Fig.  2.  The  values  found  at  the  intersection  of  the  curves  were  m*  = 
=  1.39  electron  masses  and  r  *  1.19  x  10-1*  s. 

Fig.  3  shows  ex  and  Cj  for  fl'-AuZn  obtained  by  integrating  wavelength  modulation 
data.  The  graph  of  the  correlation  minima  is  given  in  Fig.  4.  The  values  at  the  inter¬ 
section  of  the  curves  are  m •  =  1.10  electron  masses  and  r  =  2.76  x  10_1*  a.  The 
value  for  m*  is  slightly  lower  than  previously  reported  [21].  Fig.  5  shows  the  bound 
parts  of  ty  and  et  (cn,  and  «»)  after  the  Drude  terms  are  subtracted. 

This  separation  technique  has  two  shortcomings.  The  first  is  that  the  Drude  relaxa¬ 
tion  time  is  not  actually  a  constant  over  the  entire  spectrum.  The  value  obtained  is 
assumed  to  be  an  average  value  over  the  spectral  range.  However,  this  problem  also 
occurs  when  extrapolations  from  low-energy  data  are  used.  The  advantage  in  this 
calculation  is  that  here  the  values  are  from  the  visible-ultraviolet  part  of  the  spectrum 
which  is  actually  under  study.  Secondly,  there  is  a  small  co“*-contributior  to  the  bound 
parts  of  the  dielectric  function.  However,  if  the  linewidths  of  the  interband  transitions 
are  small  compared  to  the  transition  energies,  these  terms  may  be  neglected  [18,  22]. 
Such  terms  may  cause  a  small  error  in  the  Drude  parameters,  but  will  not  cause  any 
change  in  the  general  lineshapes  of  the  interband  contributions  to  the  dielectric 
function,  which  are  the  important  results  for  band  structure  determinations. 
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Electronic  circuits  have  been  developed  to  replace  the  mechanical  servos  and  lock-in  amplifiers 
customarily  used  in  a  wavelength-modulated  derivative  spectrometer.  The  result  is  a  faster 
response  and  wider  range  of  gain  while  maintaining  a  constant  photomultiplier-tube  voltage. 

PACS  numbers:  84.30.  Wp,  06.70.Td 

INTRODUCTION  Detailed  analysis  of  the  lineshapes  of  Van  Hove  singu- 

The  identification  of  Van  Hove  Singularities'  in  optical  ab-  is  not  possible  unless  one  alrerfy  has  knowledge  of 

sorption  or  reflection  spectra  can  be  difficult,  since  singular!-  contribution  from  do/dx.  Thus,  the  theory  of  internal 

ties  are  usually  superimposed  on  a  broad  structureless  back-  “«Julauon  experiments  depends  not  only  on  the  theoryof 

ground.  In  the  case  of  metals,  this  background  is  the  Drude  the  °Pdcal  Properties,  but  also  on  the  effect  of  the  perturba- 

intraband  spectrum,  and  interband  singularities  can  be  small  tion  paramet«x  on  those  optical  properti^ 

compared  to  this  background.  This  problem  is  especially  When  s  frequency-modulated  hght  beam"-'  is  used, 

acute  in  the  case  of  three  dimensions  as  Van  Hove  singulars  '  *  reduces  to 

ties  do  not  produce  infinite  peaks,  but  only  changes  in  the  dc_  ^  b_  .  _ ^  ._l/2 

slope  of  the  optical  properties.  Broadening  mechanisms  re-  da  2  '  1 

duce  the  optical  structure  in  all  cases.  Thus,  there  are  no  theoretical  ambiguities  in  the  interpreta- 

The  optical  structure  associated  with  critical  points  can  tjon  of  data.  If  the  dependence  of  the  frequency  of  the  modu- 
be  greatly  enhanced  by  the  use  of  derivative,  or  modulation,  i»,^<  j, 
spectroscopic  methods.  The  dielectric  function  near  a  three-  . 

dimensional  critical  point  may  be  written  as1-4  a>  *  »o  +  (do)  cos  r, 

,  ,  .  .  _  .  ...  where  Aat  is  the  depth  of  modulation  and  O  is  the  modula- 

in  aootoqoenc>i^„lu„ 

Au  is  the  photon  energy  and  Au#  is  the  transition  energy  at  _ 

the  critical  paint.  The  constant  in  Eq.(l)  represents  the  back-  I  eoot 

ground  contribution,  which  may  be  larger  than  the  singular  If  Ac  is  measured,  the  derivative  of  the  dielectric  function 
part.  Thus,  observation  of  the  critical  structure  may  be  lost  ®»y  be  found  from 
in  the  background.  Therefore,  it  would  be  most  ad  vasts- 

geous  to  measure,  note  directly,  but  the  derivative  of  e  with  ^ 

respect  to  some  parameter  x.  Since  the  background  does  not  .  „  .  ..  ,  _ 

vary  rapidly,  it  would  essentially  be  from  the  However,  Ac  is  generally  not  measured  directly.  In - 

spectrum. 'Mis  leads  to  X  stead,  the  modulation  of  the  reflectivity  AR  or  the  transmis¬ 

sion  dT  is  measured.  Great  accuracy  and  sensitivity  can  be 
dc  _  b  .  ^  .-i/a  d[a  —  a>t)  +  db_  ji/2  achieved  in  the  measurement  ofAR  or  dr  by  means  of  phase 

dx  2  *  dx  dx  *  sensitive  detection  with  a  lock-in  amplifier. 

A  double-beam,  single-detector  optical  system  with  its 
associated  electronics  for  obtaining  wavelength-modulated 
derivative  spectra  was  previously  reported.14  This  system 
eliminated  problems  due  to  background  derivative  structure 
caused  by  source,  detectors,  optics,  and  atmospheric  absorp¬ 
tion.  We  now  report  electronic  circuitry  which  has  been  de¬ 
signed  to  replace  the  system  of  mechanical  servos  and  lock- 
in  amplifiers  which  is  normally  used. 14  This  new  system  has 
the  advantage  of  faster  response  times  and  wider  ranges  of 
gains  while  maintaining  a  constant  voltage  to  the  photomul¬ 
tiplier  tube. 

I.  WAVELENGTH  MODULATION 

Wavelength-modulation  derivative  spectroscopy  has 
experimental  difficulties,  which  may  be  overcome,  com¬ 
pared  to  other  types  of  modulation  as  may  be  seen  in  the 
following. 

In  conventional  reflection  measurements,  the  total  sig- 


The  first  term  in  Eq.  (2)  diverges  at  the  critical  point  a  «  a, 
and  is,  therefore,  easily  detectable  in  a  derivative  spectrum. 
The  second  term  in  Eq.  (2)  is  generally  negligible  near 
a  m  o)t  since  A  can  vary  slowly.  There  are  two  obvious  possi¬ 
bilities  for  the  differentiation  parameter  x.  The  first  is  the 
energy  of  the  incident  radiation  Au  and  the  second  is  the 
critical  point  transition  energy  Au,. 

Techniques  which  modulate  the  energy  critical  point 
transition  avoid  experimental  complications  which  will  be 
found  in  frequency  (wavelength)  modulation  experiments, 
but  have  the  analytical  problem  of  ambiguous  interpretation 
of  line  shapes.  Possible  parameters  which  modulate  the  ener¬ 
gy  gap  include  hydrostatic  pressure  and  uniaxial  stress,3,6 
electric  field,74  and  temperature*10  modulation.  The  ambi¬ 
guity  of  these  methods  can  be  seen  when  Eq.  (2)  is  reduced  to 
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nal  /  reflected  from  the  sample  is 

/(A)-*fri)/a(n  («) 

where  R  is  the  reflectivity  and  70  is  the  signal  incident  on  the 
sample.  The  wavelength  derivative  of  Eq.  (8),  which  is  de¬ 
noted  by  prime,  is 

/'-*'/«  +  */£.  (9) 

The  second  term  in  Eq.  (9)  is  what  causes  the  difficulty  in 
wavelength  modulation  experiments  with  respect  to  other 
modulation  techniques.  In  other  methods,  where  only  sam¬ 
ple  is  modulated,  this  term  is  zero.  However,  when  the  wave¬ 
length  is  modulated,  this  term  contains  the  derivative  of  the 
incident  beam,  which  includes  wavelength-dependent  infor¬ 
mation  about  the  light  source,  optical  path,  atmospheric  ab¬ 
sorption,  and  detector  response.  RI’0  is,  more  often  than  not, 
on  the  same  order  as  R  'I'Q  and,  as  is  the  case  of  a  light  source 
with  sharp  line  structure,  may  be  orders  of  magnitude  larger 
than  R  '/q.  A  means  of  subtracting  this  contribution  to  the 
total  derivative  signal  is  essential  if  meaningful  wavelength 
modulation  data  are  to  be  obtained. 

If  Eq.  (9)  is  divided  by  Eq.  (8)  and  the  terms  are  rear¬ 
ranged,  we  get 


This  is  the  quantity  which  we  wish  to  extract  from  the  exper¬ 
iment.  We  choose  to  keep  the  signal  level  in  each  term  equal, 
so  that  the  subtraction  may  be  easily  done  electronically. 
Rearranging  Eq.  (10),  we  now  have 

-  -L(/'_*/'),  (11) 

where  k  =  I  /Iv  A  qualitative  description  of  how  R  '/R  is 
determined  will  be  given  first,  and  then  the  new  electronic 
system  will  be  described. 

The  double-beam  optical  system  is  shown  in  Fig.  1.  The 
signal  from  a  Perkin-Elmer  99G  monochromator15  is  mod¬ 
ulated  at  217  Hz  by  a  vibrating  mirror.14,16  The  signal  re¬ 
flected  from  the  sample  when  the  chopping  minor,  which 
rotates  at  13  Hz,  does  not  block  the  beam  will  be  called  the 
sample  channel.  The  signal  reflected  from  the  chopping  mir¬ 
ror  during  the  other  half  cycle  will  be  called  the  background 
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Fk3  1 .  Double-beam  signal  detector  optical  system  Uthl  from  the  PeTkin- 
Efancr 990  monochromator  is  modulated  at  2 1 7  Ha  The  chopper  C  routes 
at  13  Hr 


b - 0 


FlG.  2.  Wavelength-modulation  waveforms:  (a)  Chopper  cycle  of  the  raw 
signal  from  the  photomultiplier.  The  higher  level  is  the  background  chan¬ 
nel;  the  lower  level  is  the  sample  channel,  (b)  The  raw  signals  have  been 
gated  and  servoed  to  a  predetermined  reference  level,  (c)  The  servoed  and 
pled  signals  have  been  separated  into  their  own  output  channels  and  ac 
coupled  to  eliminate  the  li-Hz  component. 

channel.  Figure  2  shows  how  we  would  like  to  process  the 
signal.  Figure  2(a)  is  the  raw  signal  from  the  photomultiplier 
tube.  The  higher  level  is  /„  and  the  lower  level  is  /,  because 
the  aluminum  chopping  mirror  will  be  more  reflective  than 
the  sample.  In  Fig.  2(b)  we  have  gated  a  portion  of  each 
channel  and  amplified  it  to  a  reference  level,  which  will  be 
kept  constant.  Thus  we  have  brought  the  signal  channel  to  a 
constant  level  which  is  our  new  level  for  I  and  also  made  I0 
equal  to  I.  The  constant  /c  in  Eq.  (11)  now  represents  the  fact 
that  different  gains  are  needed  in  the  sample  and  background 
channels  to  bring  them  to  the  reference  level.  The  217-Hz 
components  in  the  sample  and  reference  channels  are  now 
proportional  to  kl'0  and  / '  and  are  shown  by  signals  B  and  A, 
respectively,  in  Fig.  2(c).  We  can  now  run  these  to  a  differen¬ 
tial  lock-in  amplifier,  and  the  difference  between  the  two 
signals  will  now  be  proportional  to  / '  —  kl'0. 

This  new  electronic  circuit  is  designed  to  make  the 
source  to  output  gain  at  the  13-Hz  chopping  frequency  the 
same  for  both  the  sample  and  background  channels.  The 
differential  derivative  and  logical  circuits  are  shown  in  Figs. 
3  and  4,  respectively.  The  current  output  of  the  photomulti- 


Fks.  3.  Differential  derivative  circuitry  Signals  K.  L,  and  M  are  from  the 
logic  circuit  (Fig.  4). 
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FlC.  4.  Logic  circuit.  This  circuit  gener¬ 
ates  the  switching  signals  which  drive  the 
feedback  networks  of  Fig.  3. 
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plier  tube  is  the  direct  input  to  the  inverting  terminal  of  a 
National  Semiconductor  LM308A  operational  amplifier17 
(OA1  in  Fig.  3).  This  op  amp  is  connected  in  the  current-to- 
voltage  configuration  and  has  three  switched  feedback  net* 
works.  Each  network  is  switched  into  the  circuit  during  a 
different  portion  of  the  rotation  period  of  the  chopping  mir¬ 
ror.  These  networks  function  to  make  the  output  voltage  of 
the  op  amp  (OA1)  equal  to  a  reference  voltage,  which  is  the 
reference  level  of  Fig.  2(b),  chosen  to  be  200  mV.  These  net¬ 
works  serve  to  replace  the  mechanical  servomotors  used  in 
the  original  design  of  a  wavelength-modulation  system.14'16 

Each  feedback  network  consists  of  a  2N4360  field  effect 
transistor,  an  RCA  CD4066  CMOS  analog  switch,1*  and 
another  LM308A  op  amp  connected  as  an  integrator.  The 
CMOS  switches  are  marked  SI  through  S5  in  Fig.  3.  The 
LM308A  integrator  uses  the  integrated  value  of  the  differ¬ 
ence  between  the  output  of  OA1  and  the  reference  voltage  to 
control  the  source-to-drain  resistance  of  the  2N4360  FET. 
This  brings  the  13-Hz  component  of  the  output  of  OA1  equal 
to  the  reference  voltage.  The  output  of  the  LM308 A  integra¬ 
tor  is  coupled  to  the  gate  of  the  FET  with  a  30K  resistor  and 
a  lO/xF  capacitor  so  that  the  2 17- Hz  modulation  signal  will 
have  no  effect  on  the  source-to-drain  resistance  to  the  FET. 
An  integration  time  of  1  s  has  been  found  to  be  adequate  in 
this  system. 

The  output  circuit  for  each  signal,  sample  and  back¬ 
ground,  is  a  DC4066  CMOS  switch  (marked  Sfi  and  S7)  cou¬ 
pled  with  a  1-fiF  capacitor  to  the  output  BNC  connector. 
The  1-^iF  capacitor  charges  to  the  referee  voltage  and  only 
the  2 17- Hz  modulation  component  of  the  signal  appears  at 
the  output.  This  produces  the  output  signals  in  Fig.  2(c). 

The  remainder  of  the  discussion  deals  with  the  switch¬ 
ing  signals  which  drive  the  feedback  networks.  These  signals 
synchronize  the  system  to  the  rotation  of  the  chopping  mir¬ 
ror  and  time  the  onsets  and  widths  of  the  gate  for  the  feed¬ 
back  circuits.  These  signals  are  timed  by  a  synchronization 
trigger,  derived  from  a  photodiode  located  on  the  rotating 
mirror,  which  drives  a  set  of  one-shot  multivibrators  and  flip 
flops.  This  circuitry  is  shown  in  Fig.  4  and  the  timing  signal 
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which  is  produced  is  given  in  Fig.  3.  Figure  3  also  shows  the 
signals  from  Fig.  2  for  reference. 

The  synchronization  trigger  signal  is  squared  in  an 
LM399A  comparator  (Fig.  4)  with  positive  feedback  and 
buffered  with  a  CMOS  band  gate  stage  to  form  the  trigger 
signal  (A  in  Figs.  4  and  3).  Trigger  signal  A  starts  one-shots  B 
and  C,  which  are  CD4047’s.  One-shot  B  is  timed  to  run  for 
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FlC.  5.  Timing  diagram.  The  timing  of  each  signal  in  Figs.  3  and  4  are  given 
in  relationship  to  each  other  Parts  of  Fig.  2  are  reproduced  at  the  lower 
parts  of  this  figure  for  reference. 
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one-half  of  the  rotation  time  of  the  mirror,  38.S  ms.  It  is  used 
to  determine  which  channel,  sample  or  background,  is  being 
gated  at  any  particular  time.  When  one-shot  B  ends  its  peri¬ 
od  it  starts  one-shot  C  One-shot  C  starts  one-shot  O  and  is 
also  used  to  center  the  sample  and  background  periods  in 
their  respective  time  windows.  This  sequence  then  provides 
the  delay  signal  for  timing  the  starts  of  the  gates.  One-shot  D 
sets  flip  flop  F,  which  controls  the  feedback  network  sam¬ 
pling  time,  that  is,  the  width  of  the  gates.  D  also  starts  one- 
shot  E.  The  starting  of  one-shot  E  sets  flip  flop  G,  which  is 
used  to  start  the  gate  time  of  the  output  circuits. 

When  the  signal  from  flip  flop  F  is  added  to  signals  B 
and  B  inverse,  signals  K  and  L  are  formed.  These  are  the 
actual  gating  signals  which  control  the  active  feedback  net¬ 
works.  The  signal  from  flip  flop  G,  when  added  to  B  and  B 
inverse,  forms  signals  I  and  J,  which  control  the  output 
switches.  Signal  M  controls  the  impedance  of  the  amplifier 
during  the  transition  of  the  chopper  between  sample  and 
background.  It  is  the  complement  of  F  from  the  same  flip 
flop. 

All  of  the  logic  was  implemented  in  CMOS,  using 
CD404Ts  for  the  one  shots  and  74C74*s  for  the  flip  flops. 
nand  gates  are  74COO’s  and  inverters  are  74C04’s. 

The  output  signals  are  sent  to  a  PAR  Model  124  A 
Lock-In  Amplifier  with  a  PAR  Model  116  Differential 
Preamplifier. 19  The  sample  and  background  signals  are  dif¬ 
ferentially  amplified,  with  the  124A  in  the  high  dynamic 
range  with  a  Q  of  1. 

The  differential  derivative  circuit  was  constructed  with 
conventional  point-to-point  wiring  in  a  double  NIM  mod¬ 
ule.  All  power  is  obtained  from  the  NIM  bin.  For  conve¬ 
nience  in  checking  and  calibrating  the  unit,  a  217-Hz  refer¬ 
ence  oscillator  was  constructed  in  the  same  module. 

II.  SYSTEM  SENSITIVITY 

The  critical  test  of  the  system  is  its  ability  to  eliminate 
signals  which  are  due  to  sharp  structure  in  the  source.  Figure 
6  shows  the  structure  from  the  line  at  4193  A  in  the  spectrum 


Wove  length  (a) 


Fic.  6.  Companion  of  balanced  (b)  and  unbalanced  |a)  leans  of  the  Xe  line  at 
4193  A.  Note  the  scale  changes  between  the  two  curves.  The  wavelength 
acaie  extends  100  A  on  either  side  of  the  4193  A  line. 
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Fic.  7.  Comparison  of  balanced  (b|  and  unbalanced  (a)  scans  of  the  Xe  line  at 
4383  A.  Note  the  scale  change  between  the  two  curves.  The  wavelength 
scale  extends  to  approximately  100  A  on  either  side  of  the  4383  A  line. 


of  a  150-W  Hanovia  Xenon  arc  lamp  which  is  the  source  for 
the  violet  and  ultraviolet  regions.  The  figure  shows  the  re¬ 
sults  for  both  the  modulated  signal  (a)  which  has  not  been 
processed  by  the  differential  derivative  circuitry  and  also  the 
signal  (b)  when  this  spectra  line  has  been  balanced  by  the 
system.  Note  that  the  balancing  by  the  system  reduces  the 
signal  by  three  orders  of  magnitude.  The  signal  level  of  the 
balanced  line  of  Fig.  6  represents  a  maximum  sensitivity  of 
AR  /R  =  1.3X  10-4;  this  is  the  worst  case  result.  In  practice, 
sensitivities  of  better  than  10~4  and  down  to  10~s  are  rou¬ 
tinely  obtained  in  regions  of  the  spectrum  without  sharp 
lines  in  the  source.  Figure  7  shows  the  structure  at  4383  A  in 
the  same  source  spectrum.  Here  the  improvement  is  much 
better  than  three  orders  of  magnitude  with  the  best  AR  /R 
being  9x  10~5. 
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The  optical  propertiea  of  s-phaae  Ago.iZno.s  are  determined  near  the  optical  absorption  edge.  This 
alloy  composition  dampens  the  sharp  Ag-plasma  resonance.  The  band  shifts  which  are  observed 
are  in  qualitative  agreement  with  calculations  which  are  performed  for  the  similar  alloy, 
a-Cuo.7Zno.s- 

Die  optischen  Eigenscbaften  der  a-Pbaae  von  Ago.?Zno.i  warden  in  der  Nahe  der  optischen  Ab- 
sorptionakante  bestimmt.  Diese  Legjerungszuaammensetaung  dSmpft  die  scharfe  Ag-Plasma- 
Reaonanz.  Die  beobachteten  Bandverscbiebungen  aind  in  qualitativer  Ubereinstimmung  mit 
Berechnungen,  die  fur  die  ahnliche  Legierung  s-Cuo.rZno.a  durchgefuhrt  wurden. 

1.  Introduction 

An  outstanding  feature  of  the  optical  properties  of  Ag  is  the  sharp  onset  of  interband 
transitions  near  4.0  eV  in  the  near  ultraviolet,  a  feature  which  is  very  near  the  plasma 
resonance.  This  interband  absorption  edge  is  due  to  the  overlap  of  contributions  from 

d-band  to  Fermi  level  transitions  and  Fermi  level  to 
conduction  band  transitions,  both  in  the  L  (111)  direc¬ 
tion  in  the  Brillouin  zone  [1  to  3].  Optical  results  tend 
to  support  this  interpretation  [4  to  8],  although  it  has 
been  questioned  by  Christensen  {9]. 

Near  the  absorption  edge,  the  optical  spectrum  of  Ag 
should  be  sensitive  to  alloying.  Since  the  transitions 
which  are  involved  in  the  absorption  edge  involve  free 
electrons  at  either  the  initial  or  final  state,  alloying 
with  Zn  should  shift  the  Fermi  surface  enough  to 


Fig.  1.  Energy  band*  near  the  L  point  in  pure  Ag  [6] 
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separate  the  two  transitions.  In  noble  metals,  the  L*  (s-like)  level  is  more  sensi¬ 
tive  to  the  crystalline  potential  than  the  L*-  (p-Iike)  or  the  L,  (d-like)  levels  [6]. 
(These  levels  are  illustrated  in  Fig.  1.)  Therefore,  perturbation  of  the  potential  by 
alloying  should  result  in  a  separation  of  the  two  transitions.  The  experimental  results 
presented  here  do  show  a  separation  of  the  transition  energies.  As  expected,  the 
separation  appears  to  be  due  to  a  downward  shift  of  the  L,  level  with  respect  to  the 
Fermi  level. 

2.  Sample  Preparation 

Precisely  weighed  amounts  of  0.9999  pure  Ag  and  0.99999  pure  Zn  were  sealed  in 
quartz  tubes  at  a  pressure  of  less  than  10'*  mm  Hg.  They  were  melted  and  thoroughly 
mixed  by  being  shaken  in  the  liquid  states  5000  times  and  then  quenched  to  room 
temperature  in  a  water  bath  to  form  a  homogeneous  ingot.  This  ingot  was,  in  turn, 
homogenized  by  heating  to  650  °C  for  24  hours  and  then  cooling  slowly.  After  cutting 
and  polishing,  the  sample  was  given  another  24  hour  anneal,  this  time  at  225  CC, 
and  then  again  slow  cooled.  This  was  to  relieve  cold  work  acquired  in  the  p  .dishing 
process. 

Leavings  from  the  cutting  process  were  assayed  for  Ag  content  by  the  U.S.  Mint, 
which  confirmed  that  the  final  composition  was  within  0.1  °0  of  Ag0.:Zn«.3. 

3.  Experimental  Method 

Wavelength-modulated  spectroscopy  [10,  11]  was  used  because  of  the  unambiguous 
lineshapes  obtained  by  this  technique  and  the  resulting  ease  of  interpretation  of  these 
lineshapes.  The  theory  of  wavelength-modulation  spectroscopy  is  well  detailed 
elsewhere  [12,  13].  The  theory  of  lineshapes  near  a  three-dimensional  critical  point 
was  given  by  Batz  [14,  15],  It  is  sufficient  here  to  give  the  theoretical  lineshapes  for 
the  sake  of  reference.  All  three  dimensional  critical  point  lineshapes  may  be  expressed 

Table  1 

Derivative  of  critical  point*  with  broadening  included  in  term*  of  f(  R) 

F( IT)  -  <R«  +  1)*«  4-  IT]‘«/(ir»  -  !)>/*,  W  -  (a.  -  u 1,1/1) 


critical 

point 
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aw 

W*  £ 
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M. 
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Fig.  2.  Universal  function.  F(  11"),  derived 
by  Batz  [14,  15]  for  lineshapes  near  critical 
points  aa  seen  in  wavelength  modulation 
spectroscopy.  F(W)  =  [IF’  —  l)-w-x 
x  [(TV*  4-  1)'/*  4  R]l/S,  where  If  is  tbe 
reduced  frequency  Uo  —  a igl/t).  *wg  is  the 
interband  energy  (a  the  critical  point  and  t; 
is  s  phenomenological  broadening  parameter 
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Fig.  3.  a)  Wavelength-modulated  logarithmic  deriv¬ 
ative  of  the  reflectivity  of  a-Ago.rZno.t-  h)  Reflec¬ 
tivity  of  s-Ago.rZnc.s,  found  by  integrating  the  data 
from  Fig.  3a 


in  terms  of  a  single  function,  ft  IF),  which  is 
reproduced  in  Fig.  2.  The  behavior  of  critical 
points  in  terms  of  F(IT)  is  listed  in  Table  1. 
Derivative  data  with  a  spacing  of  0.02  eV 
between  data  points  were  taken  between  2.60 
and  5.10  eV. 


4.  Experimental  Besnlts 

The  wavelength-modulated  logarithmic  derivative  spectrum  of  the  reflectivity,  which 
is  the  direct  result  of  the  experiment,  is  displayed  in  Fig.  3a.  This  is  integrated  to 
give  the  reflectivity  of  the  sample,  as  shown  in  Fig.  3  b.  In  order  to  perform  a  Kramers- 


Fig.5 

Fig.  4.  Dielectric  function  of  «-Ago.7Zno.i  determined  by  a  Kramera-Kronig  analytic  of  the  reflec¬ 
tivity  data,  a)  Real  part,  a,;  b)  imaginary  part,  a. 

Fig.  5.  Derivative  with  reapect  to  energy  of  the  dielectric  function  of  a-Ago  7Zno  j.  a)  Real  part, 
a);  b)  imaginary  part,  aj 
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Kronig  analysis  of  the  data  and  separate  the  real  and  imaginary  parts  of  the  dielectric 
function,  extrapolations  over  all  energy  must  be  done.  For  the  infrared  region,  a 
Hagen-Rubens  extrapolation  to  a  reflectivity  of  100%  at  zero  energy  was  used  [16]. 
For  the  ultraviolet  extrapolation,  modified  silver  data  [17]  were  used.  Using  this, 
the  real  and  imaginary  parts  of  the  dielectric  function,  es  and  et,  are  calculated.  These 
are  given  in  Fig.  4a  and  b.  The  dielectric  function  is  then  differentiated  to  give  e]  and 
*t  (Fig.  51. 

The  important  point  to  note  concerning  the  data  is  that  the  plasma  resonance 
which  dominates  the  experimental  spectrum  of  Ag  [17]  is  greatly  damped  in  this 
alloy,  as  may  be  seen  from  the  fact  tl  At  f,  does  not  go  through  zero  at  any  point  in 
the  experimental  energy  range,  and  from  the  strongly  damped  peak  in  the  energy 
loss  function  at  3.85  eV  (Fig.  6).  The  r,  shown  in  Fig.  4  is  in  excellent  agreement  with 
that  of  previous  results  [5].  Note  also  that  the  principal  dip  in  the  reflectivity  is  at 
a  considerably  lower  energy  than  in  pure  Ag.  This  occurs  between  about  3.6  and 
3.8  eV  in  the  allot',  compared  with  a  minimum  of  about  3.85  eV  in  pure  Ag. 

5.  Free- Electron  Effects 

The  free  and  bound  parts  of  the  dielectric  function  have  been  separated  by  a  de-con- 
volution  method  which  has  been  described  elsewhere  [18,  19).  The  Drude  effective 
mass  was  found  to  be  1.23  free  electron  masses  and  the  Drude  relaxation  time  was 
found  to  be  1.87  x  10* 14  second.  These  results  compare  well  with  the  values  found 
for  Ag.  Previous  results  for  the  effective  mass  of  silver  are  m*/ni  =  1.03  |1]  and  0.97 
[20].  The  relaxation  time  in  Ag  was  found  to  be  1.6  x  10'“  s  at  3  eV  [17]. 

We  thus  see  that  the  Drude  part  of  the  dielectric  function  predicts  some  flattening 
of  the  bands  at  the  Fermi  level.  Although  alloying  will  be  seen  to  have  a  considerable 
damping  effect  on  the  interband  properties  of  Ag,  the  long  relaxation  time  found 
here  indicates  that  the  behavior  of  free  electrons  is  not  significantly  changed.  We 
may  conclude  that  this  amount  of  alloying  has  only  small  consequences  for  those 
electronic  properties  described  by  the  Drude  theory. 

6.  Interband  Transitions 

Once  the  Drude  effective  mass  and  relaxation  time  are  known,  they  may  be  used  to 
subtract  the  intraband  contributions  to  the  dielectric  function  from  the  total  ex¬ 
perimental  function.  The  resulting  real  and  imaginary  parts  of  the  bound-electron 
contribution  to  the  dielectric  function  are  shown  in  Fig.  7.  Their  derivatives  are  given 
in  Fig.  8.  It  is  these  derivatives  of  the  bound  part  of  the  dielectric  function  which  are 
used  to  assign  interband  transitions. 


Wavelength  Modulated  Spectra  of  a-Ago  7Z110  j  near  the  Absorption  Edge 
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Fig.  7.  Bound  part  of  dielectric  function  a-Ago,;Zno,t  determined  by  subtracting  the  Drude  contri¬ 
bution  from  the  data  of  Fig.  S.  a)  Real  part,  fit;  b)  imaginary  part,  <tb 

Fig.  g.  Derivative  with  reaped  to  energy  of  the  bound  part  of  the  dielectric  function  of  s-Ago.7Zno.j. 
a)  Real  part.  tlb;  b)  imaginary  part,  rIb.  With  reference  to  the  energy  bands  in  Fig.  1,  the  following 
transitions  are  identified:  Lr(Er)  —  Li  (3.53  eV),  L*  —  L,  (3.83  eV),  L,  —  L*  (Er)  (4.37  eV) 

It  is  interesting  to  compare  t!t  of  Fig.  7  with  the  «,  results  shown  in  Fig.  0e  of  [5J. 
The  earlier  work  shows  maxima  in  e,  at  3.1  and  4.9  eV  with  a  minimum  at  4.1  eV. 
The  current  work  has  a  maximum  at  2.8  eV,  a  minimum  at  3.6  eV,  and  maxin  i  at 
4.0  eV,  which  are  resolved  here  where  they  were  not  previously.  We  thus  see  that  the 
features  found  in  this  study  are  at  lower  energies  than  in  [5]. 

The  current  literature  does  not  firmly  fix  the  exact  value  of  the  Ag  interband 
transitions  of  interest  in  this  study.  While  the  energy  gap  for  the  L*-  — •  L,  transitions 
ranges  from  3.8  eV  [7]  to  4.1  eV  [5],  the  values  quoted  for  the  L,  -•  Lr(Er)  transition 
range  from  4.1  eV  (7]  to  4.4  eV  [5].  Clearly,  there  is  enough  discrepancy  in  the  ex¬ 
perimental  values  for  these  energies  that  it  will  be  difficult  to  accurately  assess  the 
effects  of  alloying  on  them. 

Xo  band  structure  calculation  has  been  reported  for  a-Ag0  rZno  3  but  calculations 
do  exist  for  a-CuorZnoj  (21,  22).  In  the  work  of  Bansil  et  al.  [22],  predictions  are 
made  for  the  shifts  in  the  interband  transitions  of  interest  due  to  alloying.  The 
L,  —  Lj-lEf.)  transition  is  predicted  to  move  upward  by  about  0.3  eV  and  the  L*-  —  L, 
transition  is  to  move  downward  in  energy  by  0.1  to  0.8  eV  depending  on  the  amount 
of  lattice  dilation  due  to  alloying. 

Since  both  transitions  would  be  at  saddle  points  in  the  Bnllouin  tone,  a  dip  in  rlb 
would  be  expected  near  the  critical  point  for  each  of  them  [14,  15).  The  minimum  in 
sib  at  3.88  eV  is  the  expected  structure  due  to  Lr  —  L,.  The  associated  structure  in 
tjb  is  the  peak  at  3.78  eV.  This  places  the  critical  point  at  3.83  eV,  coinciding  with 
the  peak  in  the  energy  loss  function.  The  peak  in  elb  a»  3.55  eV  is  due  to  the  onset 
of  transitions  at  L*  (EF)  -*  L,.  We  may  then  conclude  that  the  L»-  critical  point  lies 
0.28  eV  below  the  Fermi  level. 
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Ehrenreich  and  Phillipp  [17]  aaaigned  the  mean  f,  Ag  peak  at  4.4  eV  to  the  direct 
tranaition  from  the  d-band  to  the  Fermi  surface  L,  —  Li-(Efi.  The  Lt  band  is  filled 
at  the  cntical  point,  so  the  actual  cntical  point  transition  structure  for  the  L,  —  L* 
transition  will  not  be  seen.  A  break  in  the  derivatives  of  rb  should  be  seen  at  the  energy 
where  transitions  to  the  Fermi  level  begin  to  occur.  The  L,  —  L*  iEfi  transition  will 
produce  a  downward  break  in  rtb  with  an  associated  break  in  rlb  at  the  same  energy, 
which  is  the  energy  of  the  onset  of  interband  transitions.  Such  breaks  are  seen  at 
4.37  eV  in  Fig.  8.  Thus,  our  data  show  that  there  is  very  little  shift  of  the  transition 
in  the  a- Agu:Zn<>>  alloy.  This  places  the  L,  —  L,  cntical  point  gap  at  4.09  eV  w  hen 
the  results  from  the  data  for  the  L*  -»  L,  transition  are  used. 

7.  Discussion 

The  results  of  this  study  indicate  that  the  effects  of  alloying  in  the  Ag,>  -Zn«  i  are 
actually  fairly  small.  The  shifts  in  the  mterband  transitions  must  be  on  the  lower  end 
of  those  predicted  for  the  s-Cuo  :Zno  s  system  bv  Bansil  et  al.  [22].  If  the  L,  —  L..  >  Eri 
transition  with  an  energy  of  4.37  eV  has  been  shifted  by  —0.3  eV,  as  might  be  ex¬ 
pected  from  the  a-Cu0  ;Zn«  3  study,  then  this  transition  should  have  an  onset  at  about 
4  1  eV  in  pure  Ag.  This  value  is  just  within  the  range  of  experimental  values  which 
have  been  quoted.  However,  there  is  also  good  evidence  that  this  transition  is  essen¬ 
tially  unshifted  from  that  in  pure  Ag  [5.  17}. 

The  actual  shift  m  x-('u0  :Zn0  j  for  the  Lj  —  L,  transition  is  about  —  0.2  eV  [23,  24  ! 
Using  this  value  would  place  the  Li  —  L,  transition  in  pure  Ag  at  4.0  eV  which  is 
about  the  middle  of  the  experimental  values  for  this  tranaition.  Previous  work  vrhuh 
shows  that  L,  —  L,iEfi  is  unshifted  closely  agrees  with  this  assignment  for  L,  -  I,, 
in  pure  Ag  [5,  17]. 

The  following  may  be  cited  as  the  important  results  of  this  study 

( i i  In  this  alloy  composition,  t,  is  dampened  such  that  the  main  Ag  plasma  reson¬ 
ance  is  greatly  reduced. 

(.li  The  Drude  effective  mass  predicts  a  slight  flattening  of  the  bands  The  fart  that 
the  energy  difference  L,  —  L*-i Er  i  isO.28  eV  is  not  any  help  in  confirming  the  flatten¬ 
ing  since  values  for  this  difference  for  Ag  are  reported  to  lie  between  <1.2  and  0.3  eV 
(nil  The  fact  that  the  Drude  relaxation  time  for  this  alloy  is  approximately  the 
same  for  pure  Ag  indicates  that  this  amount  of  alloying  has  not  greatly  affected  the 
mean  free  path  of  conduction  electrons. 

(ivi  The  shifts  found  in  the  interband  transitions  between  pure  Ag  and  the  alloy 
indicate  that  the  transition  usually  more  sensitive  to  perturbation  of  the  crystal 
potential  (L*  —  L,)  has  a  shift  of  about  —0.2  eV,  while  the  less  sensitive  transition 
(L,  —  L?  i  may  be  essentially  unshifted.  This  indicates  that,  at  least  in  this  portion 
of  the  Bnllouin  xone,  the  rigid-band  model  mat  lie  used  to  describe  the  interband 
transitions  of  this  alloy,  with  only  a  shift  of  the  s-like  iL,i  band. 
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Infrared  wavelength  modulation  spectroscopy  of  some 
optical  materials 

Ryu  K.  Kim  and  Rubin  Braunstein 


Infrared  wavelength  modulation  techniques  were  developed  and  used  to  investigate  the  low-level  absorption 
of  some  optical  materials  such  as  alkali  halides  and  alkaline  earth  fluorides.  The  results  reveal  rich  absorp¬ 
tion  structures  which  enable  an  identification  of  tome  of  the  surface  and  bulk  impurities  of  these  materials. 
Those  impurities  are  principal  sources  of  optical  absorption  which  limit  the  expected  transparency  of  these 
materials  in  the  spectral  region  studied  (2.5-12  pm). 


LS  »  -  -ae - 

WwOOUCiKKi 

The  development  of  high-power  Inner  sources  has 
generated  considerable  interest  in  the  study  of  very 
weak  absorption  processes  difficult  to  detect  by  con¬ 
ventional  spectroscopic  methods  because  of  the  need 
for  low  absorption  laser  components.  In  recent  years, 
extensive  theoretical  and  experimental  investigations 
have  been  conducted  in  an  effort  to  determine  the  fre¬ 
quency  and  temperature  dependence  of  the  absorption 
coefficient  of  a  number  of  alkali  halides  and  alkaline 
earth  fluorides  to  identify  the  principal  mechanisms 
responsible  for  intrinsic  and  extrinsic  absorption  pro¬ 
cesses.  The  very  low  values  expected  of  the  absorption 
coefficient  characteristic  of  multiphonon  infrared  ab¬ 
sorption  have  spurred  the  development  of  various  spe¬ 
cialized  measurement  techniques  and/or  refinements 
of  existing  ones.1 

The  majority  of  the  investigations  have  focused  on 
ionic  solids,  especially  alkali  halide  crystals.  The  latter 
are  attractive  for  theoretical  analysis  because  of  their 
relative  simplicity  and  the  wealth  of  knowledge  already 
available  about  many  of  their  fundamental  properties. 
Experimentally,  alkali  halides  again  represent  relatively 
well-investigated  materials  in  terms  of  fundamental 
properties  as  well  as  growth,  preparation,  and  purifi¬ 
cation. 

Deutsch2  showed  that  the  exponential  dependence 
of  absorption  coefficient  K(u)  for  multiphonon  pro¬ 
cesses  follows  the  empirical  law 
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KM  ■  Aoexp<— Au>),  (1) 

where  Ao  and  A  are  material  dependent  parameters  for 
a  wide  class  of  materials  which  includes  alkali  halides, 
alkaline  earth  fluorides,  oxides,  and  semiconductors. 
Sparks  and  Sham3  developed  a  theory  for  the  expo¬ 
nential  dependence  of  K(u).  DuthleT*  estimated  the 
absorption  coefficients  for  some  alkali  halides  in  the 
regions  of  interest,  particularly  at  the  wavelength  of  the 
CO2  laser  line  (10.6  jxm),  by  assuming  a  Lorentzian  line 
shape  of  impurities  peaked  at  the  appropriate  wave¬ 
lengths.  The  extrapolation  of  exponential  dependence 
of  the  absorption  coefficient  to  the  spectral  region  of 
interest  as  laser  window  materials  in  the  2.5-12-mdd 
region  predicts  the  absorption  coefficient  to  be  as  low 
as  ~10~7  cm-1,  but  in  practice  the  absorption  coeffi¬ 
cients  are  always  higher  than  the  predicted  values, 
sometimes  by  2  orders  of  magnitude  and  varying  from 
sample  to  sample,  indicating  the  presence  of  extrinsic 
absorption  due  to  impurities. 

To  improve  the  ability  to  measure  the  very  small 
values  of  the  absorption  coefficient  in  very  high-purity 
materials,  a  laser  calorimeter  has  been  employed.3  In 
this  method,  an  incident  laser  beam  is  passed  through 
the  sample,  and  the  temperature  rise  produced  by  ab¬ 
sorption  of  the  radiation  is  measured.  By  this  method, 
values  of  K(u>)  in  the  range  of  10~4  or  10-5  cm-1  have 
been  measured.6  The  major  disadvantage  of  the  laser 
calorimetry  approach  is  that  one  can  measure  K  M  only 
at  those  discrete  frequencies  at  which  laser  radiation  is 
available.  To  identify  the  mechanisms  which  limit  the 
ultimate  transparency  of  solids,  knowledge  of  variations 
of  the  absorption  coefficient  as  a  function  of  frequencies 
and  temperature  at  very  low  level  is  required. 

We  have  developed  an  infrared  wavelength  modula¬ 
tion  technique  which  has  a  sensitivity  as  low  as  ~10-5 
cm-1  in  the  spectral  region  between  2.5  and  12  nm  and 
have  studied  intrinsic  and  extrinsic  absorption  pro¬ 
cesses  in  alkali  halides  and  alkaline  earth  fluorides. 
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IL  Experimental  System 

A.  Experimental  Background 

Derivative  optical  spectroscopy  as  a  powerful  tech¬ 
nique  for  enhancing  weak  structure  immersed  in  a  rel¬ 
atively  smooth  background  spectrum  is  well  known. 
Several  different  modulation  schemes  were  introduced 
in  optical  derivative  spectroscopy.7  In  most  cases,  the 
optical  spectrum  of  the  sample  is  modulated  by  an  ex¬ 
ternal  ac  perturbation  such  as  electric  field,8  pressure,9 
temperature,10  and  light  intensity1 1  on  the  sample.  The 
modulation  spectrum  so  obtained  depends  intimately 
on  how  the  property  of  the  sample  is  affected  by  the 
external  perturbation,  and  such  knowledge  is  often 
limited. 

As  opposed  to  other  modulation  schemes,  wavelength 
modulation  allows  one  to  obtain  a  derivative  spectrum 
by  modulating  the  wavelength  of  light  incident  upon  a 
sample  without  any  external  ac  perturbation  to  the 
sample.  The  main  difficulty  of  the  wavelength  modu¬ 
lation  scheme  is  the  elimination  of  the  background  de¬ 
rivative  spectra  due  to  light  source,  detector,  optics,  and 
atmospheric  absorption.  To  normalize  the  background, 
various  servo  systems  have  been  employed,712-13  but 
these  are  difficult  to  employ  with  photoconductive  de¬ 
tectors  with  varying  dark  current.  We  developed  a 
wavelength  modulation  system  which  eliminates  the 
background  problem  numerically. 

Almost  always  the  wavelength  modulation  technique 
has  been  applied  in  the  ultraviolet  and  visible  spectral 
regions.12-14  We  have  extended  the  spectral  range  of 
the  wavelength  modulation  technique  into  the  infrared; 
for  absorption  measurements  in  the  spectral  region  of 
this  study,  2-12  fim,  the  system  has  a  sensitivity  of  A I II 
~  10-5,  where  A/  is  the  fluctuation  of  signal  in  the  de¬ 
rivative  channel. 

B.  Theory  of  Wavelength  Modulation 

In  a  conventional  transmission  measurement,  the 
total  signal  5  transmitted  by  the  sample  is 

SIX)  -  T(X)/0(X),  (2) 

where  T  is  the  sample  transmission,  and  /o  is  the 
background  signal,  which  consists  of  the  incident  light 
source,  optics,  atmospheric  absorption,  and  detector 
response. 

When  the  wavelength  is  swept  sinusoidally  across  the 
exit  slit  of  the  monochromator  at  a  frequency  Q,  that 
ia, 

X(0  -  Xo  +  AXco»(Qt),  (3) 

where  is  a  fixed  wavelength  around  which  the  si¬ 
nusoidal  sweeping  of  the  wavelength  is  performed,  and 
AX  is  the  amplitude  of  the  sweep,  the  output  of  the 
monochromator  becomes  a  function  of  time,  that  is, 

S(XoJ)  ■  TIAo  +  AX  cot  (fit  ))/o|Xo  +  AX  co*(flt )).  (4) 

Expansion  of  Eq.  (4)  in  a  Taylor  series  in  powers  of  AX 
cos(Qf)  and  using  the  trigonometric  identities  and 
collecting  terms,  we  can  show  that,  for  small  AX,  re¬ 
taining  the  terms  up  to  linear  in  AX, 


S(Xo,()  »  Sdc(Xo)  +  S*c(X0)cos(12M.  (51 

where 

Sdc(Xo)  -  ToIXol/olXo),  (6) 

S-tXo)  »  AX<r/o+  770).  ("I 

Standard  lock-in  amplifiers  measure  the  ac  compo¬ 
nent  of  the  signal  at  the  reference  frequency.  There¬ 
fore,  what  is  measured  at  the  reference  frequency  of  a 
lock-in  amplifier,  which  is  Q  in  our  case,  is  the  ac  com¬ 
ponent  of  S(Xo,  t )  at  Q.  Here  we  note  that  S*c  contains 
terms  of  the  form  T' Io  and  77  0,  that  is,  a  term  which  is 
proportional  to  the  first  derivative  of  background  as 
shown  in  Eq.  (7). 

In  practice,  the  elimination  of  the  derivative  signal 
of  the  background  is  a  crucial  problem  in  wavelength 
modulation.  This  problem  will  be  discussed  in  Sec. 
II. C.  As  expected,  the  derivative  signal  is  proportional 
to  the  depth  of  modulation  AX.  The  correction  terms 
can  be  minimized  by  using  the  smallest  possible  AX.  A 
convenient  test  for  the  distortion  of  the  first  derivative 
due  to  the  correction  terms  is  to  measure  the  change  in 
the  magnitude  of  the  signal  as  a  function  of  AX  if  a  linear 
relationship  is  desired.  For  further  discussion  of  the 
theory,  we  refer  the  reader  to  the  literature12  and  ref¬ 
erences  therein. 

C.  General  Considerations 

In  a  transmission  measurement,  the  signal  /(X) 
transmitted  through  the  sample  is  given  by 

/(X)«/0<X)exp|-K<X)d),  (8) 

where  / o(M  is  the  background  signal  which  consists  of 
the  incident  light  source,  optics,  atmospheric  absorp¬ 
tion,  and  detector  response.  K(\)  and  d  are  absorption 
coefficients  as  a  function  of  wavelength  and  sample 
thickness,  respectively. 

The  differentiation  of  Eq.  (8)  with  respect  to  the 
wavelength  gives,  after  a  little  rearrangement  of 
terms, 

<*K(X)  ltld/0(X>  1  d/(X)l 
d  X  d  l/o  d  A  /  ( X )  d  A  ] 

or,  in  terms  of  energy, 

dK  _  1  I  1  dl0(E)  1  dHE)  1 

dE  “  d|/0(£)  dE  HE)  dE  ]  ’  U0' 

As  indicated  in  the  theory  of  wavelength  modulation, 
the  measured  quantity  by  a  lock-in  amplifier  for  the 
derivative  signal  at  the  preset  reference  frequency  is  of 
the  form  ot(dlldE),  where  a  is  a  constant.  But  as  shown 
in  Eq.  (7),  the  derivative  signal  contains  the  derivative 
of  the  background  as  well  as  the  derivative  of  the 
transmitted  intensity.  To  eliminate  the  derivative  of 
the  background,  we  use  the  sample-in  and  sample-out 
technique,  which  is  described  in  a  later  section. 

With  the  sample-in  setting,  the  derivative  signal  is, 
from  Eq.  (7),  for  small  AX 

ST  a  AX<r/0+  770l.  1111 

or 
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With  the  sample-out  setting,  the  derivative  signal  of  the 
background  is 

Sf  a  AXT,  (13) 


or 


The  subscripts  s  and  6  of  refer  to  the  sample  and 
background,  respectively. 

The  difference  of  SJ77  and  Stf/Io  will  give  the  de¬ 
rivative  of  the  transmitted  intensity  solely  by  the  sam¬ 
ple  in  principle.  But  in  practice  we  encounter  some 
difficulties;  defocusing  of  the  light  beam  at  sample-in 
setting  by  the  sample,  for  example.  This  defocusing 
effect  by  the  sample,  in  conjunction  with  the  nonuni- 
formity  of  the  active  area  of  the  photodetector  surface, 
obscures  the  zero  crossing  of  the  derivative  signal. 

We  overcome  this  difficulty  by  a  number  method. 
That  is,  with  the  measured  quantities  with  sample-in 
and  sample-out  settings,  we  form  the  expression 


1  dl0  (E)  1  dHE) 

aio(E)  dE  ~  *  HE)  dE 


(15) 


where  a  and  0  are  multiplicative  constants  independent 
of  energy.  Here  we  note  that  the  first  term  in  Eq.  (15) 
is  solely  due  to  the  background,  while  the  second  term 
is  due  to  the  sample  in  addition  to  the  background. 

To  convert  Eq.  (15)  into  the  form  of  Eq.  (10),  we  write 
Eq.  (15)  as 


HxE)  -  a 


1  dI0(E)  & 
'o(E)  dE  a 


1  dHE) 
*  HE)  dE 


(16) 


and  determine  the  ratio  of  proportionality  constants  y 
*  a/0  in  such  a  way  that  and 


l  dUE) 

“/<>(£)  dE 

are  not  correlated  for  7  ■  x.  For  this  particular  value 
of  y, 

♦<£)  «■  ad  -  (17) 

at. 

This  procedure  is  performed  by  a  computer  using  a 
decorrelation  algorithm.15  Consider  quantities  a,  ,  fa,  , 
and 


c,  ■  Oj  +  ybj.  (18) 

Here,  a,  is  a  quantity  due  to  sample  alone,  6,  is  a 
quantity  due  to  background  alone,  and  c,  is  a  quantity 
due  to  sample  and  background  together.  If  we  relate 
these  quantities  to  our  study,  6,  and  c,  are  measured 
quantities,  that  is,  signal  with  sample-out  setting  and 
signal  with  sample-in  setting,  respectively.  And  a,  is 
the  quantity  to  be  obtained  by  the  decorrelation  pro¬ 
cedure.  We  set 


<1,  -  Cj  -  tb,  -«i  +  (if  -  06,.  (19) 

Now,  we  search  for  t,  which  minimizes  the  correlation 
function 


I  Z,[(d,  -3)(6,  -5))* 
12.  W,  -3)*Z,<6,  -S)» 


(20) 
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Fif .  1.  Block  diagram  of  the  infrared  wavelength  modulated 
■yatem. 


when  y  «  t ,  d;  *  a,.  Here,  d,  *  a,  independent  of  b,  is 
assumed.  If  desired,  Eq.  (17)  can  be  integrated  nu¬ 
merically.  In  this  study,  the  trapezoidal  integration  of 
Eq.  (17)  was  performed. 

D.  Implementation  and  Operation  of  the  System 

1.  Construction 

The  block  diagram  of  the  system  is  shown  in  Fig.  1. 
We  have  converted  a  Perkin-Elmer  301  spectropho¬ 
tometer  into  a  single  beam  system  for  improved  SNR 
by  using  a  sample-in  and  sample-out  scheme.  The 
sample-in  and  sample-out  mechanism  was  accom¬ 
plished  with  a  linear  translator  assembly  unit  driven  by 
a  stepping  motor.  The  wave-number  drive  was  also 
performed  by  a  stepping  motor  at  preset  intervals  to 
scan  the  spectral  regions  of  interest.  Both  stepping 
motors  are  driven  by  a  dual-channel  step  motor  drive 
unit.  The  intervals  of  stepping  of  sample-in  and  sam¬ 
ple-out  stepping  motor  and  the  wave-number  driving 
motor  as  well  as  the  data-collecting  system  as  a  whole 
are  controlled  by  an  on-line  microprocessor  (Motorola 
M6800  microprocessor)  in  a  cycle  for  each  set  of  data. 

Sinusoidal  sweeping  of  the  light  beam  across  the  exit 
slit  of  the  monochromator  was  accomplished  by  a  vi¬ 
brating  mirror  at  11  Hz.  We  have  chosen  this  low  fre¬ 
quency  in  spite  of  the  l/f  noise  in  anticipation  of  the 
need  of  a  slow  detector  such  as  a  thermocouple,  bo¬ 
lometer,  or  Go  lay  cell,  and  most  important  to  avoid  the 
subharmonics  of  the  background  chopper  channel, 
which  is  39  Hz.  The  amplitude  of  modulation  is  ad¬ 
justable  through  the  output  voltage  of  the  scanner 
driver  and  can  result  in  a  wide  range  of  modulation  for 
A\/\  ~  10-2  to  investigate  the  broad  structures  of  solids 
in  the  infrared  region  of  the  spectrum. 

As  shown  in  the  block  diagram  of  the  system  in  Fig. 
1,  two  lock-in  amplifiers  are  employed.  Lock-in  am¬ 
plifier  I  measures  the  intensity  of  the  chopped  radiation 
at  39  Hz  with  sample-in  and  sample-out  settings  at  a 
fixed  wavelength.  The  lock  -in  amplifier  //,  which  is  fed 
with  the  11-Hz  reference  frequency  derived  from  the 
vibrating  mirror,  measures  the  derivative  signal  with 
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sample-in  and  sample-out  settings.  The  sample-in  and 
sample-out  mechanism  is  a  stepping  motor  coupled  with 
a  translation  stage.  With  appropriate  combinations  of 
gratings,  filters,  and  light  sources,  the  system  can  be 
operated  in  the  spectral  region  from  ultraviolet  to  in¬ 
frared  (~12  pm).  The  main  light  sources  in  this  study 
were  a  tungsten  lamp  in  the  visible  and  near  infrared 
and  a  globar  in  the  infrared.  The  detectors  used  were 
PbSnTe,  PbS,  and  a  silicon  photodiode  for  appropriate 
spectral  regions. 

2.  Operation 

With  the  sample-in  settings,  two  data  points  were 
taken;  one  from  lock-in  7,  which  is  in  the  intensity  of 
radiation  transmitted  by  the  sample,  and  the  other  from 
lock-in  II,  which  is  the  derivative  signal.  The  same  set 
of  data  is  taken  with  the  sample-out  setting  yielding  the 
equivalent  for  the  background.  Those  two  sets  of  data 
are  fed  into  a  multiplexer  and  then  digitized  by  an  ADC. 
The  digitized  result  can  be  either  punched  on  paper  tape 
by  a  teletype  or  fed  into  the  on-line  computer  (PDP 
11/23)  directly  for  numerical  processing.  By  appro¬ 
priate  combinations  of  these  sets  of  data,  we  can  form 
a  logarithmic  derivative  of  intensity  as  a  function  of 
energy  or  direct  transmission.  A  computer  program 
was  written  to  obtain  the  numerical  values  and  graphs 
of  derivative  of  the  absorption  coefficient,  integrated 
result,  and  direct  transmission  as  a  function  of  en¬ 
ergy. 

All  these  data-taking  processes  are  done  in  a  sequence 
at  one  wavelength,  and  after  a  cycle  the  system  moves 
to  the  next  wavelength.  This  data-collecting  cycle, 
which  is  controlled  by  a  microprocessor  (Motorola 
M6800),  is  operated  in  the  following  sequences.  The 
block  diagram  of  the  data-taking  cycle  is  shown  in  Fig. 
2,  which  performs  in  the  following  cycle: 

(1)  The  M6800  sends  out  pulses  to  the  stepping 
motor  driver  which  drives  two  stepping  motors:  one  for 
the  linear  translator  assembly  unit  and  another  one  for 
wavelength  drive. 

(2)  The  stepping  motor  which  is  attached  to  the 
linear  translator  assembly  unit  takes  the  sample  in  or 
out  of  the  path  of  the  light  beam. 

(3)  While  the  sample  mount  is  translating,  the 
wavelength  drive  is  stepped  by  the  second  stepping 
motor. 

(4)  Then  the  system  waits  for  a  certain  time  before 
taking  the  first  set  of  data.  In  this  study,  we  have 
chosen  the  waiting  time  to  be  approximately  three  times 
the  lock-in  time  constant 

(5)  At  the  end  of  the  waiting  time,  two  data  points 
are  taken:  one  from  the  lock-in  /,  which  is  the  intensity 
of  the  background  radiation,  and  one  from  lock-in  II, 
which  is  the  derivative  signal  of  the  background  radia¬ 
tion. 

(6)  The  microprocessor  sends  out  reverse  pulses  to 
the  driver  to  step  the  stepping  motor  backward  so  the 
linear  translator  assembly  unit  will  bring  the  sample 
mount  to  the  sample-in  position.  This  brings  the 
sample  in  the  path  of  the  light  beam. 

(7)  Waiting  time  starts. 


Pig.  2.  Block  diagram  of  control  system  for  data-taking  cycle. 

(8)  At  the  end  of  the  waiting  time,  two  similar  data 
points  are  taken,  except  with  the  sample-in  this  time. 

This  completes  one  data-taking  cycle  at  one  wave¬ 
length.  The  interval  of  the  linear  translation  of  the 
sample  mount  and  the  wavelength  drive  as  well  as  the 
length  of  the  waiting  time  can  be  adjusted  by  changing 
the  appropriate  program  parameters  fed  to  the  micro¬ 
processor.  The  program  of  the  microprocessor  is  taped 
on  a  cassette  tape  and  played  by  a  cassette  player  at  the 
beginning  of  the  run  of  the  system. 

III.  Experimental  Results  and  Discussions 

A.  Treatment  of  Data 

Before  a  detailed  discussion  of  the  experimental  re 
suits  and  the  interpretation  of  the  spectra  of  the  indi¬ 
vidual  substances  measured,  we  shall  present  the 
method  of  presentation  of  data  and  the  mode  of  anal¬ 
ysis. 

In  the  intrinsic  spectral  regions,  values  of  the  ab¬ 
sorption  coefficient  were  determined  from  transmission 
measurements.  In  the  extrinsic  spectral  regions,  that 
is,  impurity  dominating  regions,  the  integrated  deriv¬ 
ative  data  were  normalized  to  the  laser  calorimetry 
measurement  at  indicated  discrete  laser  lines.16  This 
representation  of  the  data  allows  us  to  display  the  fine 
structure  excursions  in  absorption  above  and  below  the 
calorimetric  point.  In  a  number  of  cases  a  second  ca¬ 
lorimetric  point  was  measured  at  the  other  end  of  the 
spectrum.  It  was  found  that  the  absorption  coefficient 
derived  from  this  second  measurement  agreed  with  the 
integrated  value  obtained  from  wavelength  modulation 
data. 

To  discriminate  the  effect  of  atmospheric  absorption 
on  a  sample,  we  ran  each  sample  in  two  different  am¬ 
bient  conditions,  one  in  atmospheric  ambient,  the  other 
in  dry  nitrogen  ambient.  The  latter  was  accomplished 
by  flushing  the  whole  system  by  dry  nitrogen  gas  flowing 
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Fig.  3.  Correlation  chart  of  carbonates,  C — H,  0 — H,  and  water 
frequency. 

into  the  system  throughout  the  entire  run.  When  the 
sample  was  placed  in  a  dry  N2  atmosphere,  a  continuous 
change  in  the  spectral  distribution  of  the  absorption  was 
observed  until  the  spectra  stabilized  after  the  sample 
had  been  in  this  gaseous  ambient  for  an  hour. 

Correlation-type  charts  have  been  published  that 
represent  a  tabulation  of  molecular-ion  vibrational 
frequencies  as  means  of  identifying  possible  surface  and 
volume  impurities  in  alkali-halide  laser  window  mate¬ 
rials.17  If  one  considers  a  frequency  overlay  of  possible 
impurities  that  can  be  present  in  concentration  of  0.1 
ppm,  one  finds  that  a  quasi-continuous  absorption 
would  be  expected  throughout  the  2.6-12-jtm  region  due 
to  the  overlap  of  the  Lorentzian  tails  of  the  various  ab¬ 
sorption  bands.  It  has  been  felt  that  a  heterogeneous 
distribution  of  a  conglomeration  of  chemical  composi¬ 
tions  which  can  be  deposited  on  the  surface  from  the 
environment  would  produce  a  uniform  absorption 
throughout  the  infrared  spectral  regions.17  However, 
the  distinct  absorption  bands  observed  in  this  study 
indicate  the  possibility  of  specifically  identifying 
dominant  absorption  centers.  Figure  3  shows  a  corre¬ 
lation  chart  of  carbonates,  C — H,  0 — H,  and  water 
frequencies  which  prove  to  be  the  common  bulk  and 
surface  impurities  encountered  in  this  study. 

B.  Discussions 

In  Table  I  we  show  the  origins  of  the  samples  used  in 
this  study. 

1.  Potassium  Bromide 

Several  different  reactive  atmosphere  process  (RAP) 
grown  samples  from  various  sources  have  been  studied. 
The  dimensions  of  the  samples  varied,  that  is,  2.5  cm  in 
diameter  and  1-7  cm  in  length.  The  absorption  spec¬ 
trum  of  a  typical  KBr  sample  obtained  with  a  conven¬ 
tional  double-beam  spectrometer  is  shown  in  Fig.  4. 
Virtually  no  absorption  structure  is  present  in  the  ex¬ 
trinsic  spectral  region  above  the  noise  level  of  the  in¬ 
strument,  confirming  the  relative  purity  of  the  sample. 
Calculated  values  of  absorption  coefficients  from  the 
exponential  behavior  of  the  multiphonon  processes  from 
Eq.  (1)  at  10.6-  and  5.3-fim  wavelength  regions  predict 

1170  APPLE)  OPTICS  /  Vol.  23.  No.  8  /  15  April  1984 


Table  1. 

Origin*  of  Sample*  Uaad  In  TMs  Study 

KBr 

Naval  Research  Laboratory 

Oregon  State  University 

KCI 

Hughes  Research  Laboratories 

BaFj 

Harshaw 

MgF2 

Optovac 

SrFa 

Hughes  Research  Laboratories 

CaF2 

Harshaw 

NaF 

Optovac 

LaFj 

Hughes  Research  Laboratories 

NaCl 

Hughes  Research  Laboratories 

LiF 

Metier 

MgO 

Optovac 

WAVELENGTH,  pm 


Fig.  4.  Absorption  spectrum  of  a  typical  KBr  sample  obtained  by 
a  conventional  double-beam  instrument. 

2  X  10-7  and  8  X  10-18  cm-1,  respectively.18  The  actual 
measurements  at  best  show  4.2  X  10-4  cm-1  at  10.6  nm 
and  2.1  X  10-4  cm-1  at  5.3  pm,  respectively.1  There¬ 
fore,  in  these  spectral  regions,  the  absorptions  are 
mainly  due  to  extrinsic  origins. 

In  Fig.  5  we  show  a  typical  result  of  our  study  of  KBr 
in  two  different  ambients.  In  general,  for  the  spectral 
region  from  2.5  um  to  12  /im,  the  samples  in  this  study 
show  a  structure  around  2.5  pm,  multiple  structures 
between  3  and  4.0  fim,  a  sharp  peak  at  4.2  |im,  a  band 
centered  at  4.8  |im,  multiple  structures  between  6  and 
8  fim,  a  valley  near  9  mdi,  and  a  peak  at  10.6  /um  at  the 
levels  of  absorption  coefficient  of  ~10-5  cm-1.  Since 
the  relative  magnitudes  of  these  structures  differ  in 
different  samples,  the  indications  are  that  these  bands 
have  extrinsic  origins.  Although  the  spectra  differ  in 
detail,  the  clustering  of  the  spectral  lines  in  similar 
spectral  regimes  indicate  common  origins  of  the  spectra. 
The  magnitudes  and  linewidths  of  some  of  the  bands 
vary  when  the  samples  are  in  a  dry  N2  atmosphere 
compared  with  a  laboratory  ambient,  indicating  that  a 
portion  of  the  absorption  is  due  to  surface  physical  ad¬ 
sorption.  The  structures  that  persist  even  when  the 
samples  are  flushed  in  dry  N2  may  be  due  to  surface 
chemisorbed  species  or  volume  impurities.  The  surface 
character  of  some  of  these  bands  was  confirmed  by 
performing  similar  measurements  on  1-mm  thick 
samples.  Absorption  coefficients  of  the  order  of  10-5 
cm-1  were  observed  on  thick  and  thin  samples  with 
slight  differences  in  the  spectral  distribution.  Due  to 
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Fig.  5.  Wavelength  modulation  absorption  spectra  of  KBr,  K  is  the 
absorption  coefficient  in  cm-1:  (a)  in  the  laboratory  atmosphere;  (b) 
in  a  dry  N2  atmosphere. 


the  complex  superposition  of  the  bands,  it  was  difficult 
to  distinguish  unambiguously  which  bands  would  scale 
with  a  thickness  that  would  identify  volume  absorption. 
The  4.2-pm  band  was  observed  with  the  same  intensity 
for  all  thicknesses,  confirming  a  surface  origin.  The 
continuous  variation  of  the  spectral  features  with  the 
thickness  of  sample  that  remains  at  ~10-5-cm-1  levels 
indicates  that,  at  this  level  of  absorption,  we  have  a 
combination  of  volume  and  surface  absorption  or  there 
is  an  inhomogeneous  distribution  of  volume  impuri¬ 
ties. 

The  region  between  2  and  4  pm  reveals  several 
structures,  while  previous  measurements  by  laser  cal¬ 
orimetry  have  indicated  a  peak  near  2.7  pm  which  has 
usually  been  associated  with  the  stretching  frequency 
of  the  isolated  OH-  radicals.19  However,  the  laser 
calorimetry  measurements  are  performed  with  a  mul¬ 
tiline  laser  at  a  few  discrete  wavelengths  and  so  can  only 
infer  a  broad  band  with  the  great  possibility  of  missing 
peaks  or  valleys. 

In  this  study,  a  prominent  peak  is  observed  at  3850 
cm-1,  which  is  shifted  from  the  peak  that  is  observed 
at  3610  cm-1  in  deliberately  doped  KBr.20  It  is  not 
clear  that  such  a  large  shift  could  occur  due  to  different 
crystallographic  locations  of  OH-  in  the  lattice.  The 


magnitude  and  linewidth  of  this  peak  vary  from  sample 
to  sample.  In  addition,  placing  a  sample  in  N2  gas  at¬ 
mosphere  results  in  spectral  changes  that  indicate  that 
part  of  this  band  may  be  due  to  surface  adsorption. 
However,  there  is  a  shoulder  in  this  line  near  3700  cm-1 
that  persists  in  dry  N2  ambient  and  can  be  associated 
with  adsorbed  H20. 

The  region  between  3  and  4.0  pm  shows  a  superpo¬ 
sition  of  structures  that  could  be  attributed  to  various 
C — H  bonds.  The  origin  of  these  groups  can  result  from 
surface  contaminants  due  to  alcohol  that  is  used  to 
disperse  the  grinding  compounds  used  in  the  surface 
polishing  of  the  crystals.  However,  some  of  these  bands 
may  be  due  to  volume  absorption  since  some  of  the 
spectra  scale  with  sample  thickness.  Volume  absorp¬ 
tion  due  to  C — H  bonds  can  be  due  to  carbonaceous 
fractions,  which  can  result  from  organic  materials  such 
as  water-soluble  alcohols  that  decompose  on  melting 
and  are  incorporated  in  the  crystals. 

A  unique  example  of  physical  adsorption  taking  place 
on  a  surface  of  KBr  is  seen  at  4.2  pm.  This  strong 
narrow  band  with  varying  intensity  is  observed  at  2358 
cm-1  on  all  samples  of  KBr.  This  is  close  to  the  gas- 
phase  value  of  2349  cm-1  for  the  C02  vibration.  Since 
this  band  is  easily  suppressed  by  flushing  with  dry  N2 
gas,  it  is  readily  identified  as  due  to  a  physically  ad¬ 
sorbed  species.  When  the  sample  is  returned  to  at¬ 
mospheric  ambient,  this  band  returns.  It  was  observed 
that  the  C02  adsorption  varies  from  sample  to  sample 
for  the  laboratory  ambient.  It  is  not  unreasonable  to 
expect  physical  adsorption  to  depend  on  surface  vari¬ 
ations  or  impurities  in  the  substrate. 

The  band  at  4.8  pm  is  most  likely  due  to  surface- 
adsorbed  liquid  water  as  the  adsorption  in  this  region 
is  markedly  reduced  in  a  dry  N2  ambient;  some  of  the 
additional  structure  in  the  2.7 -pm  region  can  be  due  to 
the  vibrational  structure  of  water  as  it  is  also  reduced 
by  dry  N2  flushing. 

The  bands  between  5.5  and  8.0  pm  are  the  most  per¬ 
sistent  of  all  structures  seen  in  all  the  KBr  samples. 
Measurements  on  thin  samples  still  reveal  these  struc¬ 
tures,  which  lends  evidence  that  these  are  due  to  surface 
chemical  adsorption.  The  position  of  these  bands  is 
consistent  with  the  vibrational  frequencies  of  various 
surface  carbonate  complexes.21 

It  is  interesting  to  note  that  the  data  reveal  a  peak  in 
absorption  at  10.6  ^tm  and  a  valley  around  9  pm.  It  is 
possible  to  identify  the  10.6-/mn  peak  as  due  to  the  C — C 
vibration.  It  is  our  interpretation  that  the  laser  calo¬ 
rimetry  data  indicate  a  possible  minimum  in  absorption 
near  the  C02  laser  line  at  9.27  ^ni.22  The  wavelength 
modulation  data  definitely  establish  this  valley. 

The  absorption  between  5.5  and  8.0  pm  seems  to  be 
due  to  surface  carbonates.  However,  the  absence  of 
absorption  at  1070  cm  _1  signals  that  the  species  are  in 
the  form  of  carboxylates.  Therefore,  we  can  infer  the 
presence  of  chemisorbed  carbonates  not  only  by  the 
presence  of  absorption  in  the  5.5-8.0-Min  region  but  also 
by  the  absence  of  absorption  at  9.27  pm.  The  10.6-mhi 
(960-cm-1)  region  corresponds  to  the  7-8-phonon  region 
for  KBr;  the  intrinsic  multiphonon  absorption  of  KBr 
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Fig.  6.  Wavelength  modulation  absorption  apectra  of  BaF2;  K  is  the 
absorption  coefficient  in  cm-1:  (a)  in  the  laboratory  atmosphere;  (b) 
in  a  dry  N2  atmosphere. 

at  10.6  nm  is  expected  to  be  2  X  10-7  cm-1,  but  our  re¬ 
sults  show  that,  even  at  this  region,  the  main  mecha¬ 
nisms  of  absorption  are  dominated  by  impurities,  that 
i s,K~  10-4  cm-1,  therefore,  masking  intrinsic  multi¬ 
phonon  contribution  to  the  absorption. 

2.  Barium  Fluoride 

By  similar  analysis  with  KBr,  we  can  readily  identify 
several  main  features  of  BaF 2  in  Fig.  6(a).  A  prominent 
band  at  4.2  /im  can  be  associated  with  the  physisorption 
of  atmospheric  C02.  The  bands  in  the  4-6-^m  region 
can  be  due  to  atmospheric  water,  while  the  bands  in  the 
3-4-fim  region  can  be  assigned  to  an  overlap  of  hydro¬ 
carbon  bands.  Internal  reflection  spectrum  of  an  eth¬ 
ylene-glycol-polished  BaF2  plate  and  a  water-polished 
BaF2  plate  showed  the  absorption  structure  at  2915 
cm-1  (3.43  um),  and  it  was  attributed  to  C — H 
stretching  absorption  from  residual  organic  material 
used  in  cutting  or  preparing  the  plates.18  The  bands 
in  the  6-8- um  region  are  associated  with  carbonates. 
The  fact  that  the  bands  in  the  3-4-pm  and  4-6-^m  re- 
gions  are  largely  due  to  physisorbed  species  is  confirmed 
by  the  decrease  in  absorption  in  the  dry  N2  atmosphere 
data  shown  in  Fig.  6(b). 

The  region  between  6  and  8  um  in  BaF2  shows  con¬ 
siderable  structures  whose  magnitudes  vary  only 
slightly  with  dry  N2  flushings.  These  structures  can  be 
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Fig.  7.  Wavelength  modulation  abeorption  apectra  of  CaF2;  K  is  the 
absorption  coefficient  in  cm-1:  (a)  in  the  laboratory  atmosphere;  (b) 
in  a  dry  N2  atmosphere. 


associated  with  the  chemisorbed  carbonates.  The  small 
structure  at  5.6  jim  can  be  associated  with  chemisorbed 
carbonyl.  Photoacoustic  measurements  on  BaF2  and 
SrF2  using  a  CO  laser  that  was  tunable  to  discrete  lines 
in  the  6-8-fim  region  have  revealed  a  steplike  structure 
in  the  surface  adsorption,23  while  our  results  show  dis¬ 
tinct  bands.  A  structure  around  1100  cm-1  can  be  due 
to  surface  contaminations  of  secondary  or  tertiary  al¬ 
cohol  which  is  commonly  used  as  a  surface  polishing 
chemical  agent,  isopropyl  alcohol,  for  example. 

The  relationship  between  physisorbed  C02  at  4.2  >nn 
and  the  formation  of  the  carbonates  COJ2  on  BaF 2  can 
be  seen  if  we  compare  the  data  on  BaF 2  in  two  different 
ambients.  Namely,  higher  adsorption  of  C02  at  4.2  um 
gives  rise  to  the  formation  of  more  carbonates  CO32 
around  6.5  um. 

3.  Calcium  Fluoride 

The  CaF2  data  in  the  laboratory  ambient  are  shown 
in  Fig.  7(a).  Here  we  can  see  the  similar  distribution 
of  bands  as  exhibited  by  BaF 2:  adsorbed  C02  at  4.2  um, 
overlap  of  various  hydrocarbons  in  the  3— 4-|im  region, 
liquid  water  around  4.8  um,  carbonyls  around  5.6  um, 
and  carbonates  in  the  6-1.5-um  region.  Comparison 
of  Figs.  7(a)  and  (b)  reveals  several  features.  The  fact 
that  the  C02  band  is  suppressed  in  dry  N2  atmosphere 
confirms  the  nature  of  physisorbed  C02  on  the  surface. 
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Fig.  &  Wavelength  modulation  abaorption  spectra  of  SrF2;  K  is  the 
absorption  coefficient  in  cm*1:  (a)  in  the  laboratory  atmosphere;  (b) 
in  a  dry  N2  atmosphere. 

Carbonyl  around  5.6  fim  appears  to  be  chemisorbed 
species.  We  note  here  that  a  band  at  6.5  nm  in  Fig.  7(a) 
disappears  in  (b)  completely.  This  band  must  be  due 
to  physisorbed  carbonates.  The  relationship  of  phys¬ 
isorbed  C02  and  carbonates  in  two  different  ambients 
clearly  indicates  the  active  participation  of  adsorbed 
CO2  in  the  formation  of  physisorbed  carbonates.  This 
is  particularly  clear  in  CaF 2,  even  though  we  can  see  this 
relationship  in  most  of  the  samples  studied.  A  struc¬ 
ture  around  8  fim  is  again  due  to  the  surface  contami¬ 
nation.  From  Fig.  7(a)  and  (b)  we  can  conclude  that 
these  are  chemisorbed  species.  They  can  be  surface¬ 
polishing  chemical  agents  such  as  secondary  and  terti¬ 
ary  alcohol. 

4.  Strontium  Fluoride 

The  SrF2  sample  used  was  from  a  press-forged  HAP 
boule.  In  Fig.  8(a)  we  show  data  of  SrF2  in  the  labora¬ 
tory  atmosphere,  where  we  can  see  all  the  main  features 
of  BaF2  and  CaF2:  hydrocarbon  in  the  3— i-nm  region, 
C02  at  4.2  nm,  liquid  water  around  the  4.5-nm  region, 
carbonyls  around  5.6  Aim,  and  various  carbonates  in  the 
6-7.5-Atm  region.  In  Fig.  8(a)  we  note  the  emergence 
of  a  structure  around  2.8  Mm.  This  can  be  due  to  0H“ 
in  bulk.  Judging  from  the  dry  N2  gas  atmosphere  data 
in  Fig.  8(b),  C — H  bonds  in  the  3-4  Mm  region  must  be 
due  to  chemisorbed  species.  In  Fig.  8(b)  we  again  see 
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Fig.  9.  Wavelength  modulation  abaorption  epectra  of  NaCl;  K  is  the 
abaorption  coefficient  in  cm"1:  (a)  in  the  laboratory  atmosphere:  (b) 
in  a  dry  N2  atmosphere. 

that  the  disappearance  of  carbonate  at  6.5  Mm  can  be 
attributed  to  the  suppression  of  physisorbed  C02.  A 
small  structure  at  the  tail  of  the  intrinsic  region  is  due 
to  the  chemisorbed  species  on  the  surface  from  the 
surface  polishing  chemicals. 

5.  Sodium  Chloride 

The  NaCI  data  in  both  the  laboratory  and  dry  N2 
atmosphere.  Figs.  9(a)  and  (b),  respectively,  show 
prominent  structures.  Although  the  spectral  distri¬ 
bution  is  different  in  detail  in  two  different  ambients, 
we  still  can  identify  the  structures:  10-11 -Mm 
(>C— CH2  alcohols),  6 -8-um  (carbonates),  5.6-um 
(carbonyl),  4.8-Mm  (liquid  water),  the  4.2-Mm  (C02), 
4-miu  (C — H),  and  2.8-Mm  (OH-)  bands.  The  promi¬ 
nence  of  the  bands  in  both  ambients  is  consistent  with 
the  greater  surface  activities  which  are  expected  for 
NaCl  as  compared  to  the  other  substances  in  this  study. 
Comparison  of  Figs.  9(a)  and  (b)  reveals  the  difference 
between  chemisorbed  species  and  physisorbed 
species. 

A  vibrational  frequency  of  C02  adsorbed  on  NaCl 
shifts  only  slightly  (4-5  cm-1)  with  respect  to  the 
gas-phase  frequency.  The  molecule  is  only  weakly 
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Fig.  10.  Wavelength  modulation  abaorption  spectra  of  MgO;  K  ia 
the  abaorption  coefficient  in  cm'1:  (a)  in  the  laboratory  atmosphere; 
(b)  in  a  dry  Nj  atmosphere. 


perturbed  by  the  surface  field,  and  the  energy  of  inter¬ 
action  with  the  adsorbent  is  not  high.  The  ease  of  re¬ 
moval  of  CO2  on  evacuation  was  observed.24  It  is  in¬ 
tersting  to  note  that  the  intensity  of  absorption  due  to 
CO2  can  be  reduced  by  flushing  alone  as  this  study 
shows. 

6.  Magnesium  Oxide 

The  data  for  MgO  are  shown  in  Fig.  10.  The  most 
prominent  features  seen  in  the  laboratory  ambient  are 
a  doublet  in  the  2.&-3.0-pm  region  (water  and  OH-), 
some  trace  of  a  possible  CO2  at  4.2  pm,  a  structure  in  the 
4-6- pm  region  (liquid  water),  and  very  slight  structure 
in  the  3-4-pm  region  (hydrocarbon).  It  is  interesting 
to  note  that,  of  the  doublet  in  the  laboratory  ambient, 
it  is  only  the  3.0-pm  band  which  survives  dry  N2  flush¬ 
ings  with  a  noticeable  suppression  of  the  2.8-pm  band. 
In  a  previous  study®  of  MgO,  impurity  bands  were  ob¬ 
served  between  3.8  and  2.7  pm.  Our  study  clearly  shows 
that  the  3.0-pm  band  is  due  to  bulk  or  chemisorbed 
OH-,  while  the  2.8-pm  band  is  due  to  physisorbed 
OH". 


WAVELENGTH.  «in 


1000  1600  2300  2800  3400  4000  < 

WAVENUMBER,  cm-1  * 

Fig.  11.  Wavelength  modulation  abaorption  spectra  of  NaF;  K  is  the 
absorption  coefficient  in  cm" (a)  in  the  laboratory  atmosphere;  (b) 
in  a  dry  N2  atmosphere. 


The  region  of  intrinsic  absorption  in  MgO  shows  some 
fluted  structures  in  the  multiphonon  absorption  tail. 
The  rise  ~1600  cm-1  agrees  with  the  shoulder  previ¬ 
ously  studied  in  the  multiphonon  spectra  of  MgO  and 
was  attributed  to  a  four  TO  phonon  process  by  suitably 
averaging  over  the  dispersion  curves.25 

7.  Sodium  Fluoride 

Comparison  of  the  NaF  data  in  Fig.  11  shows  a  large 
decrease  of  the  band  heights  in  the  2.5-4.0-pm  region, 
but  the  familiar  patterns  shown  in  BaF2,  SrF2,  and  CaF 2 
are  still  apparent.  The  relationship  between  the  ad¬ 
sorbed  C02  and  surface  carbonates  at  6.5  pm  is  clear. 
In  both  Figs.  11(a)  and  (b)  we  can  observe  a  little  break 
~1100  cm-1;  this  corresponds  to  the  regime  of  three 
phonon  spectrum.26  But  it  can  as  well  be  due  to  surface 
contamination  of  chemisorbed  species  of  some  alcohol 
which  is  often  used  as  surface  polishing  reagents — ter¬ 
tiary  alcohol,  for  example. 

8.  Magnesium  Fluoride 

The  MgF2  laboratory  atmosphere  data  shown  in  Fig. 
12  reveal  a  cluster  of  bands  similar  to  those  observed  in 
BaF2.  Again  the  ubiquitous  C02  at  4.2  pm  is  evident. 
The  2.8-pm  and  4-6-pm  regions  reveal  the  liquid  water 
and  OH"  bands,  while  the  3-4-pm  region  reveals  the 
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Fig.  12-  Wavelength  modulation  absorption  spectra  of  MgF2;  K  ia 
the  abaorption  coefficient  in  cm-1:  (a)  in  the  laboratory  atmosphere; 
(b)  in  a  dry  N}  atmosphere. 


possible  overlay  of  C — H  bands.  The  6-9-jxni  bands 
seen  in  BaF 2  seem  to  be  absent  or  are  obscured  by  the 
strong  water  band  in  the  4-6-jtm  region.  The  MgF2 
data  in  dry  N2  atmosphere  in  Fig.  12(b)  show  a  dramatic 
suppression  of  all  the  above  bands.  The  remaining 
structure  can  be  due  to  volume  or  chemisorbed  species: 
the  rise  in  the  neighborhood  of  2.8  and  4.8  pm  can  be 
due  to  OH"  and  liquid  water,  respectively. 

9.  Lanthanum  Fluoride 

The  LaF3  data  in  the  laboratory  atmosphere  shown 
in  Fig.  13(a)  reveal  the  CO2  band  at  4.2  (im,  the  possible 
carbonates  in  the  6-8-Mm  region  and  OH-  band  near  2.8 
Mm.  However,  it  should  be  noted  that  the  bands  in  the 
3-4-Mm  region  due  to  C — H  vibrations  which  have  been 
prominent  in  BaF2,  SrF2,  MgF2,  CaF2,  and  NaF  seem 
to  be  absent  or  greatly  suppressed.  In  the  dry  N2  at¬ 
mosphere  data  shown  in  Fig.  13(b),  the  peak  near  2.8  nm 
possibly  due  to  0H~  is  about  the  same  height  as  shown 
in  Fig.  13(a).  The  structure  around  1200  cm-1  is  due 
to  chemisorbed  surface  contamination,  tertiary  alcohol, 
for  example. 
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Fig.  13.  Wavelength  modulation  absorption  spectra  of  LaF3;  K  is 
the  absorption  coefficient  in  cm-1:  (a)  in  the  laboratory  atmosphere; 
(b)  in  a  dry  N2  atmosphere. 


10.  Lithium  Fluoride 

The  LiF  data  in  Fig.  14  show  little  structure  indi¬ 
cating  that  LiF  is  the  least  surface  active  of  all  the 
substances  studied.  The  absence  of  the  4.2-Mm  band, 
which  was  visible  in  all  the  substances  studied,  should 
be  noted.  The  only  band  which  seems  to  be  noticeable 
is  the  4.5-Mm  band  in  both  ambients,  and  this  can  be  due 
to  water. 

11.  Potassium  Chloride 

If  we  examine  the  data  of  KC1  shown  in  Fig.  15  in  the 
light  of  the  discussion  of  the  identification  of  the  bands 
seen  in  other  alkali-halides  (KBr,  for  example),  similar 
features  can  be  discerned.  It  is  interesting  to  note  that 
the  adsorbed  CO2  band  is  markedly  suppressed  in  KC1 
relative  to  KBr.  The  band  around  1400  cm-1  can  be 
due  to  the  chemisorbed  species  of  surface  carbonates. 
The  band  around  1900  cm-1  can  be  due  to  some  type  of 
carbonyl. 

IV.  Summary 

The  infrared  wavelength  modulated  spectrometer 
system  that  we  have  developed  has  the  capabilities  of 
detecting  a  change  in  absorption  of  a  part  in  105  out  of 
a  relatively  smooth  background  in  the  spectral  region 
from  2.5  to  12  Mm.  This  sensitivity  can  be  realized  from 
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Fig.  14.  Wavelength  modulation  absorption  apectra  of  LiF,  K  is  the 
abaorption  coefficient  in  cm-':  (a)  in  the  laboratory  atmosphere;  (b) 
in  a  dry  Nj  atmosphere. 


the  visible  to  the  further  infrared  using  appropriate 
detectors.  For  the  first  time  the  continuous  spectral 
distribution  of  extrinsic  absorption  at  levels  of  10-5 
cm-1  were  measured  on  KC1,  KBr,  CaF2,  LiF,  NaCl, 
NaF,  LaF3,  BaF2,  MgF2,  SrF2,  and  MgO  enabling  an 
identification  of  physisorption,  volume,  and  surface 
chemisorption  of  impurities.  The  use  of  the  infrared 
wavelength  modulated  spectroscopy  of  this  work  can 
be  of  great  utility  in  monitoring  crystal  growth  and 
surface  preparation  for  optical  materials  for  high-power 
laser  and  Ughtguiding  systems  requiring  extremely  low 
absorption  levels.  The  system  is  capable  of  detecting 
a  hundredth  of  a  monolayer  of  surface  species  on  a  single 
crystal  surface  and  so  can  play  a  role  in  catalysis 
studies. 

This  work  was  supported  in  part  by  the  U.S.  Army 
Research  Office  DAAG-29-K-0164,  the  Air  Force  Office 
of  Scientific  Research  78-3665,  and  the  California- 
MICRO  Program. 
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Fig.  15.  Wivelength  modulation  absorption  spectra  of  KC1;  K  it  the 
abaorption  coefficient  in  cm'1;  (a)  in  the  laboratory  atmosphere;  (b) 
in  a  dry  Nj  atmosphere. 
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Thu  paper  reviews  the  status  of  point  defect  studies  in  HgCdTe  and  presents  new  data  on  the 
characterization  of  impurities  in  CdTe,  on  shallow  and  deep  acceptors  in  arsenic-doped  HgCdTe, 
and  on  the  ability  of  electron  paramagnetic  resonance  (EPR)  to  detect  defects  in  HgCdTe.  Point 
defects  are  important  in  controlling  carrier  concentrations,  minority-carrier  lifetimes,  and  noise 
in  HgCdTe.  Shallow  impurities  from  dopants  are  fairly  well  understood  and  their  effects  follow 
what  is  expected  from  the  periodic  table.  Intrinsic  defects  such  as  the  mercury  vacancy,  which  is 
believed  to  act  as  a  shallow  acceptor,  are  less  well  understood  and  suffer  from  a  lack  of 
characterization  techniques  that  can  identify  individual  defects.  Deep-level  defects  are  present 
with  concentrations  proportional  to  the  shallow  acceptor  concentrations.  These  centers  often 
control  lifetime  and  noise.  Many  of  these  have  been  electrically  characterized,  but  not  identified. 
Theoretical  work  by  several  groups  to  calculate  defect  levels  has  begun.  At  present,  the  errors  in 
this  work  are  larger  than  the  HgCdTe  band  gaps,  but  the  calculated  trends  are  important 
Experimental  data  on  identified  deep  levels  are  needed  both  for  guiding  material  improvement 
and  for  improving  the  theoretical  modeling. 


L  INTRODUCTION 

The  point  defect  studies  considered  in  this  paper  are  vacan¬ 
cies,  interstitials,  impurity  atoms,  and  complexes.  The  ef¬ 
fects  of  extended  defects  such  as  dislocations,  grain  boundar¬ 
ies,  precipitates,  and  voids  are  not  covered.  In  the  simplest 
terms,  the  defects  that  introduce  shallow  levels  in  the 
HgCdTe  band  gap  are  important  in  controlling  the  free  car¬ 
rier  type  and  concentration,  while  the  defects  with  deep  elec¬ 
tronic  levels  in  the  gap  can  control  minority -carrier  lifetimes 
and  noise. 

The  first  section  of  this  paper  reviews  the  status  of  shallow 
defect  doping  and  characterization,  and  the  second  section 
deals  with  deep  level  defect  studies.  This  section  also  reviews 
aome  of  the  theoretical  work  on  point  defects  in  HgCdTe  and 
makea  aome  suggestions  for  ftiture  research. 

IL  SHALLOW  LEVEL  DEFECTS 

Shallow  level  defects  have  been  introduced  into 
Hg,  _„Cd,Te  both  by  annealing  to  adjust  the  mercury  va¬ 
cancy  concentration,  and  by  impurity  doping.  This  section 
reviews  the  intrinsic  defect  reactions  which  give  a  basis  for 
modeling  the  annealing  behavior.  It  also  reviews  what  is 
known  about  residual  impurities  and  dopants  in 
Hg,_.Cd.Te. 

A.  Ondopad  HgCdT* 

The  carrier  concentration  in  annealed,  undoped  HgCdTe 
is  usually  assumed  to  be  due  to  mercury-vacancy  acceptors. 
In  many  compound  semiconductors,  however,  impurities 
that  move  into  the  metal  km  vacancy  have  been  found  to  be 


the  real  acceptors.  The  data  for  CdTe  and  HgCdTe  at  pres¬ 
ent  is  mixed  and  incomplete.  These  data  are  reviewed  here. 

The  enthalpy  needed  to  produce  a  mercury  vacancy  in 
x  —  0.2  material  is  2.2  eV  compared  with  4.7  eV  estimated 
for  producing  the  cadmium  vacancy.1-2  Because  of  the  low 
formation  energy  for  the  mercury  vacancy  this  species  domi¬ 
nates  the  annealing  effects.  Heating  to  higher  temperatures 
with  low  Hg  overpressures  tends  to  produce  vacancies,  and 
beating  to  low  or  moderate  temperatures  in  high  mercury 
overpressures  tends  to  fill  the  vacancies.  The  defect  kinetics 
for  this  have  been  modeled  by  Vydyanath'  and  data  and 
predicted  curves  are  shown  in  Fig.  1  for  x  *  0.2  material. 

The  basic  reactions  are  assumed  to  be 

Hg^**K£,+2A+Hg(g),  (1) 

and 

Hg(gN*Hg“  +  2e’ ,  (2) 

where  x, and  *  refer  to  neutral,  negative,  and  positive  ele¬ 
ments,  respectively,  and  the  subscripts  give  the  site.  Each 
reaction  corresponds  to  a  mass  action  equation  for  the  con¬ 
centrations  of  the  reactants,  giving 


I*'*]  [A  I2'* 

(3) 

and 

*H*-[Hgr](«T  //»„.. 

(4) 

The  model  includes  assumptions  that  at  the  annealing 
temperatures  the  negative  ion  contribution  is  dominated  by 
mercury  vacancies,  and  that  tellurium  interstitials,  impuri¬ 
ties,  and  complexes  can  be  neglected.  As  shown  in  Fig.  1,  for 
high  hole  concentrations  above  1016  cm  ~  \  the  theory  can  be 
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Pic  1.  Hole  cof trinmi  tt77K.ua  function  of  partial  pruaturt  of  Hg 
and  an  anal  temperature  for  undoped  H(01Cda]Te.  The  todd  hnet  arc  vai- 
aaa  calcalatad  by  a  aohd-nau  reaction  model  formulated  by  Vydyanaih. 
Arraaat  deAac  the  aiatanal  exiaunce  repon. 


FlO  2  Lumineaceacc  from  CdTe  at  1.6  K  ibowrng  the  recombination 
banda  for  the  free  eta  ton,  e  to  too  bound  to  ihalkxw  neutral  donorv  and 
eacitom  bound  to  neutral  acceptor!  The  idennhcauon»  are  due  to  Molva  er 
«/.* 


fit  well  to  the  data.  Similar  data  for  x  *  0.4  material  is  able  to 
explain  the  shift  from  [V  \  ~  PHt  '  shown  in  Eq.  (31  to 
[  ]  ~/,h4  -l/i  u  being  due  to  the  change  in  the  hole 

concentration  at  the  annealing  temperatures  from  intrinsic 
to  vacancy-acceptor  dominated  ’ 

Comparison  of  undoped-  with  copper-doped  material 
suggests  that  the  mercury-vacancy  acceptor  in  undoped  ma¬ 
terial  is  a  double  acceptor.  This  shows  up  in  the  decreased 
mobility  due  to  doubly  charged  ionic  scattering  in  undoped 
material  and  in  the  defect  introduction  rates. 1 

Raman  spectroscopy  data  obtained  by  Poliak  er  al.*  have 
identified  a  defect  mode  with  spherical  symmetry,  called  the 
clustering  mode,  at  1 36  cm  - 1  in  x  ~  0.2  HgCdTe  that  would 
fit  the  vacancy  symmetry  and  not  that  of  a  substitutional 
ion.4  Ringer  and  Comilsen  have  found  that  this  center  is 
more  intense  in  annealed  HgCdTe  with  higher  acceptor  con¬ 
centrations  and  presumably  higher  vacancy  concentra¬ 
tions.1 

The  annealing  data  of  Vydyanaih  and  the  Raman  data 
suggest  that  the  mercury  vacancy  is  present  in  HgCdTe  and 
that  impurities  moving  into  the  vacancy  at  room  tempera¬ 
ture  do  not  dominate  for  material  with  high  mercury  va¬ 
cancy  concentrations,  i.e.,  above  10“  cm-1. 

While  the  mercury  vacancy  model  seems  to  fit  the  data  for 
HgCdTe,  the  metal  vacancy  is  not  seen  as  the  dominant  ac¬ 
ceptor  in  ZnS,  ZnSe,  and  possibly  CdTe.  The  vacancy  is  pro¬ 
duced  by  the  usual  annealing  or  growth  techniques,  but  re¬ 
sidual  impurities  such  as  copper,  silver,  lithium,  or  sodium 
move  into  the  vacancy  producing  single-level  shallow  accep¬ 
tors.*  Because  of  the  ability  of  some  defects  to  diffuse  at  room 
temperature  the  simple  intrinsic  defects  are  lost  to  substitu¬ 
tional  impurities  or  complex  forma  non. 

In  CdTe  the  evidence  for  impurity  domination  of  the  ac¬ 
ceptor  concentrations  are  based  on  luminescence  data  Lu¬ 
minescence  data  for  CdTe  at  low  temperatures  is  shown  m 
Fig.  2.  From  left  to  right  (from  high  to  low  energies!  free 
ex ci ton  (FE)  luminescence  is  seen,  excitom  bound  to  shallow 
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donors,  then  excitons  bound  to  a  senes  of  shallow  acceptors; 
off  the  figure  at  longer  wavelengths  (  —  8250  to  8900  Ai  do¬ 
nor-acceptor  pair  luminescence  is  also  seen  Molva  ei  al  ’•* 9 
have  done  furnace  diffusion  impurity  dopmg  and  have  iden¬ 
tified  the  major  acceptor  bands  seen  in  CdTe  with  copper, 
lithium,  sodium,  and  silver,  these  are  labeled  in  the  figure 
Energies  identified  for  the  shallow  acceptors  in  CdTe  are 
Ey  -f  0  147  eV  for  copper,  Ev  +  0.059  eV  for  sodium.  Ev 
+  0.058  eV  for  lithium.  Ev  +  0.263  eV  for  gold,  £,  -t-  0 .107 
eV  for  silver,  Ev  +  0.056  eV  for  nitrogen,  Et  .  +  0  068  eV  foi 
phosphorus,  and  Ey  +0.092  eV  for  arsenic  10  Figure  i 


Flo  J  Cood activity  n  temperature  for  p-tvpr  CdTe  tbowuig  artiv»uoti 
eoerpeft  similar  to  those  adenuhed  by  luminescence  for  silver  and  alkali 
acceptor! 
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■bows  conductivity  versus  temperature  data  for  a  sample  of 
CdTe."  The  major  shallow  acceptors  seen  have  energies  of 
0. 1 1  and  0.06  eV,  corresponding  to  the  silver  and  alkali  levels 
identified  in  the  luminescence.  Brauns  ton  ei  al."  have 
shown  the  same  levels  in  CdTe  by  photoinduced  transient 
currents,  a  photoexcited  DLTS  technique  that  works  in 
high-resisdvity  materials.  These  data  are  shown  in  Fig.  4. 

It  is  very  important  to  verify  the  identifications  of  the  lu¬ 
minescence  bands  or  the  defect  energy  levels  in  CdTe.  Mag¬ 
netic  studies  have  shown  that  these  bands  are  due  to 
substitutional  Td  symmetry  centers,  not  vacancies.'2  Using 
the  identified  shallow  acceptors,  several  techniques  includ¬ 
ing  luminescence.  Hall  effect,  resistivity,  photoinduced  cur¬ 
rents,  and  optical  absorption  can  be  used  to  characterize  the 
acceptor  levels,  which  may  be  due  to  copper,  silver,  sodium, 
or  lithium  in  CdTe.  Dean”  has  argued  that  bound  ezeiton 
luminescence  from  the  neutral  vacancy  may  not  be  possible. 
The  vacancy  may  be  present  and  have  an  energy  level  similar 
to  one  of  the  other  acceptors,  and  just  not  be  seen  in  lumines¬ 
cence.  The  available  data,  however,  suggest  that  the  shallow 
acceptors  in  “undoped”  CdTe  are  probably  due  to  impuri¬ 
ties,  possibly  copper,  silver,  and  alkalies. 

Low-temperature  luminescence  was  reported  for 
HgCdTe  by  Hunter  and  McGill,14  but  the  bands  were  very 
broad,  and  it  was  not  possible  to  resolve  individual  bound 
ezeiton  bands  for  different  acceptors.  This  makes  lumines¬ 
cence  impurity  characterization  and  identification  using  a 
magnetic  field12  and  stress  perturbation  studies  (as  was  done 
in  CdTe)  very  difficult  in  the  HgCdTe  alloys.  Techniques  to 
distinguish  the  various  electrically  active  impurities  in 
HgCdTe  need  to  be  further  developed. 

For  lower  earner  concentration  levels,  less  than  10'* 
cm'3  copper,  silver,  and  the  alkalies  may  be  important  in 
controlling  carrier  type  and  concentration  in  “undoped" 
HgCdTe  also.  This  has  been  described  in  several  papers,15-'7 
and  the  effect  of  lithium  build-up  in  ion-implantation  re¬ 
gions  was  reported  by  Bubulac  el  al.'*  In  n-type  undoped 
HgCdTe  the  carrier  concentration  is  set  by  the  residual  do¬ 
nor  impurities  and  not  by  the  intrinsic  defects,  such  as  the 
mercury  interstitial.  Yoshikawa  era/.'9  have  suggested  that 


»TTC  CdTe 
WB-?r>-10 


an  oxygen-related  defect  is  one  of  the  important  residual 
donors.  By  decreasing  the  oxygen  content  of  LPE  HgCdTe 
the  residual  donor  concentration  could  be  reduced  to  the 


B.  Dopwd  HgCdTe 

Shallow  impurity  doping  in  HgCdTe20-22  has  been  report¬ 
ed  by  several  groups.  The  group  I  and  group  III  elements 
tend  to  substitute  for  mercury  and  act  as  single  acceptors  and 
donors,  respectively.  The  group  V  and  VII  elements  act  simi¬ 
larly  on  the  tellurium  sites.  Silicon  and  germanium,  which 
could  go  either  way,  seem  to  favor  producing  donors  on  the 
mercury  sites.  These  trends  are  shown  in  a  simplified  period¬ 
ic  table  in  Fig.  S.  No  activity  has  yet  been  identified  with 
carbon.  One  old  rule  of  thumb  that  has  fallen  by  the  wayside 
is  that  all  group  I  and  group  III  elements  are  fast  diffusers. 
Boron  and  indium  implants  have  shown  slow  diffusion 
fronts  after  annealing,  and  indium-doped  epitaxial  layers 
have  shown  minimal  interdiffusion  after  annealing.  Indium, 
when  evaporated  as  a  metal  on  the  surface  of  HgCdTe,  seems 
to  react  with  the  material,  possibly  producing  vacancies  that 
cause  the  anomalously  high  indium  diffusion  for  these  con¬ 
ditions.  No  electrical  activity  has  been  observed  for  group  II 
element  zinc,  at  concentrations  up  to  10'9  cm-3. 

Vydyanath  et  al.,  have  studied  copper,  indium,  phos¬ 
phorus,  and  iodine  doping  in  HgCdTe  and  have  modeled  the 
solid-state  defect  reactions  expected.3-21-25  Electrically  ac¬ 
tive  indium  is  measurably  lower  than  the  total  indium  con¬ 
centration  and  formation  of  the  In2Te,  compound  is  suggest¬ 
ed.  The  modeling  also  suggests  donor-acceptor  pairs  in 
iodine-  and  phosphorus-doped  material  involving 
(It.^hj)  >  (I*h» )°>  (Pm* ^h* )  .  and  (Ph*^h*)^>  where  IT« 
is  iodine  on  a  tellurium  site,  and  is  phosphorus  on  a 
mercury  site. 

C.  Discussion 

Mercury  vacancy  introduction  explains  the  acceptor  in¬ 
troduced  by  annealing  in  HgCdTe,  but  for  low  carrier  con¬ 
centrations  such  impurities  as  copper,  silver,  alkalies,  and 
oxygen  may  be  important.  CdTe  may  be  impurity-dominat¬ 
ed  even  after  annealing  to  produce  vacancies.  Doping  fol¬ 
lows  the  trends  expected  from  the  periodic  table.  Impurity 
characterization  techniques  for  measurement  of  electrically 


TEHPf  MTUFt  (K  ) 


Fig  4  Defect  level*  ta  «cnu-in»uUunf  CdTe  at  determined  by  pboioui- 
duced  transient  currents.  *s*in  lhowtng  the  tame  impurity  energy  level  a* 
teen  is  conductivity  and  luminescence- 
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Fig  5  Schematic  Periodic  Table  showing  the  effect  of  doping  on  the  earner 
type  in  HgCdTe 
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active  copper,  silver,  alkali,  and  donor  concentrations  need 
to  be  verified  for  CdTe,  and  are  not  at  all  well-developed  for 
HgCdTe.  Several  areas  for  further  work  include  the  follow¬ 
ing:  determining  if  the  Cd  vacancy  exists  at  room  tempera¬ 
ture  in  CdTe,  characterizing  the  energy  levels,  sites  and  con¬ 
centrations  for  interstitial  atoms  (which  at  present  are 
completely  unknown)  verifying  with  impurity  characteriza¬ 
tion  techniques  the  assumed  solid-state  defect  reactions,  and 
determining  the  importance  of  defect  complexes. 

III.  DEEP-LEVEL  IMPURITIES 

Figure  6  shows  the  77  K  minority-carrier  lifetime  in  un¬ 
doped  and  arsenic-doped  HgcCdo  jTe  as  a  function  of  the 
total  acceptor  concentration.  Similar  data  for  undoped 
HgCdTe  have  been  reported  by  Tobin24  and  Poliak  el  al. 27  In 
both  cases  shown  in  Fig.  6,  the  minority-carrier  lifetime  is 
inversely  proportional  to  the  acceptor  concentration.  The 
minority-carrier  lifetime  for  the  arsenic-doped  material  is 
three  to  ten  times  longer  than  that  in  equivalent  undoped 
material.  At  low  temperatures  the  expression  for  minority- 
carrier  lifetime,  due  to  recombination  through  deep  traps, 
has  the  simple  form 

i'=K.<Owrrl .  (5) 

where  a  =  minority-carrier  capture  cross  section  at  the  deep 
defect,  (vm)  =  minority-carrier  average  thermal  velocity, 
and  Nt  =  trap  concentration. 

The  data  in  Fig.  6  suggest  that  there  is  a  deep  recombina¬ 
tion  center  with  a  concentration  \T  directly  proportional  to 
the  shallow  acceptor  concentration.  The  deep  center  and  the 
shallow  acceptor  do  not  have  to  be  the  same  defect.  The 
proportionality  holds  for  any  defect  or  complex  involving 
the  shallow  acceptor  due  to  mass  action,  as  follows: 

(shallow  acceptor)  4-  (another  defect)  K  (complex) , 
[complex]  =  k  [acceptor]  [defect]  ,  (6) 


p 

o 


FiC  6  Low  temperature  (77  K|  minority-earner  lifetime  in  undoped  and 
anauc -doped  Hg,  _  .Cd.Te  (z  »  0  3|  as  a  function  of  the  total  acceptor 
concentration  (from  W  A  Radford  and  C  E  Joneai 


where  the  brackets  denote  concentrations  and  K  is  the  mass 
action  proportionality  constant.  Equation  6  shows  that  the 
concentration  of  a  complex  involving  the  shallow  acceptor 
will  be  proportional  to  the  acceptor  concentration. 

In  earlier  work,  Jones  et  al.1*'29  have  presented  DLTS  data 
characterizing  the  traps  in  undoped,  copper-doped,  and 
gold-doped  HgCdTe.  The  DLTS  technique  is  able  to  identify 
the  trap  energies,  capture  cross  sections,  and  concentrations. 
These  are  the  parameters  needed  to  calculate  the  effect  of  a 
trap  on  the  minority-carrier  lifetime  and  noise. 

For  undoped  HgCdTe,  two  traps  are  commonly  observed 
at  Ev  +  0.4 and  £„  4  0.1  E^,  as  well  as  the  shallow 
acceptor  level  at  Ev  4-  0.015  eV,  believed  to  be  due  to  the 
mercury  vacancy.  The  deep  levels  may  be  related  to  different 
charge  states  of  the  same  defect,  since  increasing  the  electron 
flux  during  trap  filling  causes  the  one  electron  trap  peak  to 
decrease  as  the  second  increases.  The  concentrations  of  these 
defects  have  ranged  from  approximately  equal  to  the  shallow 
acceptor  concentrations,  to  1/100  of  this  value.  This  is  an¬ 
other  point  suggesting  the  deep  defect  is  a  related  defect,  not 
another  charge  state  of  the  shallow  acceptor.  The  capture 
cross  sections  are  larger  for  electron  capture  (a,  ~10“16 
cm2)  than  for  hole  capture  (o^cslO-19  cm2),  suggesting  a 
donorlike  defect.  This  is  also  contrary  to  the  suggestion  that 
these  centers  may  be  the  second  acceptor  level  of  the  mer¬ 
cury  vacancy  The  energies,  capture  cross  sections,  and  con¬ 
centrations  for  these  deep  levels  were  found  to  fit  the  minor- 
ity -carrier  lifetime  and  thermal-noise  currents  for  the 
devices  with  no  adjustable  parameters.27 

In  copper-doped  material,  two  new  deep  level  defects  were 
seen.  The  fact  that  the  deep  defects  can  be  changed  is  impor¬ 
tant,  since  this  indicates  that  the  trapping  and  noise  genera¬ 
tion  may  be  controllable  with  the  proper  dopant  The  deep 
levels  again  appeared  donorlike  (o„  >  ap )  but  their  energies 
were  fixed  at  Ev  4  0.05  eV  and  Ev  -4  0. 1 5  eV,  even  though  x 
and  the  band  gap  were  varied. 

In  the  gold-doped  samples  different  deep  levels  were  seen 
in  different  samples,  suggesting  several  different  complexes 
could  be  formed  depending  on  the  other  impurities  or  defects 
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Fig  7.  DLTS  ipectn  from  anemc -doped  (3x10'*  cm~’|  z-=0  4l 
Hg,.  .Cd.Te 
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present,  or  on  the  therms]  history.  Again,  the  deep  centers 
seemed  donorlike  with  an>ar.  For  both  the  gold  and  cop¬ 
per  doping  the  dopant-related  deep  levels  limited  the  minor¬ 
ity-carrier  lifetime,  and  dominated  the  noise  generation. 

New  data  have  been  obtained  on  arsenic-doped  material. 
Arsenic  predominantly  substitutes  on  the  tellurium  site  as  an 
acceptor  at  Ev  +  0.01  eV  for  arsenic  concentrations  in  the 
10“  cm- J  range,  or  less.  At  high  concentrations  the  activa¬ 
tion  energy  is  lowered  due  to  overlap  of  acceptor  wave  func¬ 
tions,  and  E,  =  Ey  +  0.004  eV  at  arsenic  concentrations  of 
5x  10'7  cm"3.  DLTS  data  for  x  =  0.4  HgCdTe  doped  to 
3  X 10“  cm-3  are  shown  in  Fig.  7.  One  major  peak  is  ob- 
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Fig.  9.  Capture  Croat  section  for  the  anemc-rdatad  trap  determined  from 
the  trap  Ulling-ame  constant. 
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served  with  a  concentration  near  3  X 10“  cm-3.  A  smaller 
peak  at  higher  temperatures  is  seen  at  a  concentration  of  10'3 
cm-3.  The  emission  rates  as  a  function  of  temperature  are 
shown  in  Fig.  8,  and  they  yield  uncorrected  DLTS  activation 
energies  of  0.21  and  0.29  eV.  The  capture  cross  sections  for 
holes  can  be  determined  from  the  time  needed  to  fill  the 
centers.  These  data  are  shown  in  Fig.  9. 

The  major  center  in  the  arsenic-doped  material  has  a, 
=  10"*° cm3  and  af  ^10" “cm2.  The  major  center  acts  as 
if  it  is  a  multiple  acceptor,  with  both  hole  and  electron  cap¬ 
ture  taking  place  on  a  negative  center.  The  minor  center  acts 
donorlike,  with  electron  capture  being  easier  than  bole  cap¬ 
ture.  This  minor  center  in  this  sample  seems  to  be  the  one 
predominantly  seen  in  undoped  HgCdTe.  Because  of  its 
small  minority-carrier  (electron)  capture  cross  section,  the 
major  center  does  not  control  the  minority  carrier  lifetime; 
the  minor  center  does.  In  the  arsenic-doped  material  the  car¬ 
rier  concentration  can  be  controlled  by  the  arsenic  doping 
level,  while  the  minority-carrier  lifetime  can  be  controlled  to 
some  extent  by  annealing  to  remove  mercury  vacancies, 
which  also  lowers  the  concentration  of  the  center  commonly 
observed  in  undoped  material. 

Data  for  x  —  0.2  and  x  =  0.3  material  have  also  been  tak¬ 
en,  and  the  energy  levels  for  the  center  that  seems  to  be  ar¬ 
senic-related  are  shown  in  Fig.  10.  The  energy  level  scales 
with  the  band  gap,  as  do  the  levels  seen  in  undoped  material, 
but  in  contrast  to  the  levels  in  copper-doped  material,  which 
were  fixed  relative  to  the  valence  band. 


A.  Defect  Identification 

While  the  deep-level  defects  have  been  characterized  elec¬ 
trically,  and  their  concentrations  related  to  different  shallow 
acceptors,  there  are  still  no  firmly  identified  deep-level  de¬ 
fects.  Theoretical  calculations  of  defect  energy  levels  so  far 
only  provide  an  indication  of  trends,  since  the  accuracy  is 
probably  on  the  order  of  ±  0.5  eV,  much  larger  than  the 
HgCdTe  band  gap.  In  a  simplified  picture,  the  energy  levels 
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of  a  defect  depend  on  the  potential  chosen,  and  on  the  over¬ 
lap  of  the  defect  wave  function  with  the  wave  function  of  the 
host  crystal  having  the  same  symmetry.  Chen  and  Sher30 
recently  compared  the  expected  energy  levels  for  defects  in 
CdTe  using  four  different  literature  calculations  for  the 
CdTe  wave  functions  and  energies.  Even  using  the  same  po¬ 
tential,  a  defect  could  shift  in  energy  from  near  the  valence 
band  to  near  the  conduction  band,  depending  on  the  model 
used  for  the  CdTe. 

A  few  firmly  identified  deep  levels  in  HgCdTe  would  help 
establish  the  theoretical  parameters,  and  would  provide  ex¬ 
tensive  leverage  in  allowing  the  energies  of  many  other  de¬ 
fect  centers  to  be  estimated  with  usable  accuracy.  One  gen¬ 
eral  trend  in  the  calculations  is  the  change  in  a  defect  level  as 
the  Hg,  _  x  Cd,  Tex  value  is  changed.31-32^- type  states  on  the 
tellurium  site  are  fixed  relative  to  the  valence  band,  while  the 
x-states  on  tellurium  and  the  r-  and  ^-states  on  the  mercury 
site  tend  to  scale  with  the  band  gap. 

The  centers  in  undoped  and  arsenic-doped  HgCdTe 
scaled  with  the  band  gap,  suggesting  mercury  site  defects, 
while  the  levels  in  copper-doped  HgCdTe  stayed  fixed  rela¬ 
tive  to  the  valence  band,  suggesting  tellurium -site  defects. 

Preliminary  data  on  two  other  experimental  techniques 
that  may  help  identify  defect  models  have  recently  been  ob¬ 
tained.  Amirtharaj  et  ai*  reported  work  with  polarized  Ra¬ 
man  scattering  on  single-crystal  material,  and  were  able  to 
distinguish  symmetries  for  scattering  centers.  Electron  para¬ 
magnetic  resonance  (EPR)  techniques  can  be  used  to  deter¬ 
mine  defect  atomic  components  and  defect  symmetries,  and 
have  been  very  important  in  identifying  defects  and  defect 


fmtff «tur»  ( *r ) 

Fig.  11.  Temperature  dependence  for  the  EPR  centers  observed  in  p-type 
undoped  Hg,_aCd,Te,x  —  0.3. 


reactions  in  silicon  and  GaAs.  Initial  EPR  work  with  CdTe 
was  often  without  success,  and  it  was  not  known  whether  the 
alloy  effects  would  broaden  the  HgCdTe  spectra  so  much 
that  they  would  be  undetectable.  Initial  studies  by  Hutton, 
Drumheller,  and  Jones  have  revealed  several  EPR  centers  in 
undoped  x  =  0.3  HgCdTe.  One,  or  possibly  two,  shallow 
acceptors  are  seen  near  g  =  2.35  to  2.5,  one  with  an  activa¬ 
tion  energy  of  1  meV,  the  other  with  EA  =  10  meV,  which 
may  be  the  mercury  vacancy.  A  deep  center  near  g  =  3.0 
with  an  activation  energy  of  0.050  eV  seems  to  have  (111) 
wave-function  symmetry.  The  temperature  dependencies  of 
the  EPR  centers  are  shown  in  Fig.  1 1. 

While  detailed  structures  still  have  to  be  worked  out  for 
both  the  Raman  and  EPR  centers,  it  is  encouraging  to  know 
that  these  techniques  will  work  in  HgCdTe  alloys. 


TwaiE  1.  Deep-level  centers  seen  in  Hg,  _,Cd,Te- 
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B.  Discussion  of  deep-level  defects 

A  summary  of  the  data  on  deep  levels  in  HgCdTe  is  given 
in  Table  I.  Several  comments  on  the  status  of  deep  level  stud¬ 
ies  can  be  made;  (a)  Detailed  electrical  data  on  trap  energies, 
capture  cross  sections,  and  concentrations  have  been  ob¬ 
tained,  (b)  the  deep  levels  are  important  in  controlling  minor¬ 
ity-carrier  lifetimes  and  noise  in  HgCdTe,  and  (c)  there  are 
no  firmly  identified  deep-level  centers  in  HgCdTe. 

IV.  CONCLUSIONS 

Foreign  elements  dope  HgCdTe  as  expected  from  the  Pe¬ 
riodic  Table,  but  characterization  techniques  that  can  identi¬ 
fy  different  electrically  active  shallow-level  impurities  need 
to  be  developed.  Little  is  known  of  the  role  of  interstitials, 
especially  the  mercury  interstitial  in  HgCdTe.  It  is  not 
known  how  important  interstitials  or  complexes  are  in  ion 
implantation  or  radiation  damage  effects.  The  solid-state  re¬ 
action  models  have  given  a  framework  for  estimating  the 
major  defect  concentrations  as  a  function  of  annealing 
These  reaction  models  need  to  be  reinforced  with  indepen¬ 
dent  measurements  of  identified  defect  concentrations.  For 
lower  doping  levels  residual  impurities  are  very  important  in 
HgCdTe.  Good  progress  has  been  made  on  electrically  char¬ 
acterizing  the  deep-level  centers.  Further  work  on  identify¬ 
ing  centers  in  HgCdTe  with  Raman,  EPR,  or  optical  tech¬ 
niques  is  needed  to  guide  the  material  development  and 
theoretical  work. 
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Wavelength-Modulated  Spectra  of  the  Optical  Properties 
of  B -Cu.Zni-,  from  1.5  to  5.1  eY 
at  the  B'  «  -f  B'  Phase  Transition1) 

By 

R.  Stearns1),  R.  Braun  stein,  and  L.  Muldaweb4) 

Wavelength-modulated  derivative  spectra  of  the  reflectivity  of  (3'-CuzZni_z  are  determined 
between  1.5  and  5.1  eV  for  compositions  near  the  a  +  $'  phase  transition.  The  alloys  are 
annealed  and  quenched  in  the  (}'  phase  on  both  sides  of  the  phase  transition.  Both  the  intraband 
and  interband  properties  show  marked  changes  at  the  transition.  The  Drude  effective  maaa 
increases  dramatically  for  the  8'  phase  in  the  region  where  a  +  |5'  composition  is  thermodynami¬ 
cally  preferred,  indicating  flattening  of  the  bands.  Shifts  in  interband  properties  also  show  a 
marked  change  at  the  phase  transition,  with  the  conduction  bands  showing  a  much  greater  sensiti¬ 
vity  than  the  d-bands. 

Wellenlangenmodulierte  Ableitungsapektren  des  Reflerionakoeffizienten  von  {l'-CuzZni_z  werden 
zwischen  1,5  und  5.1  eV  fur  Zusammensetzungen  nahe  des  (}' s*  a  -f-  P'-Phasenubergangs  be- 
stimmt.  Die  Legierungen  werden  in  der  P'-Phase  auf  beiden  Seiten  des  Phaaenubergangs  ge- 
tempert  und  abgeschreckt.  Sowohl  die  Interband-  ale  such  die  Intrabandeigenschaften  zeigen  aus- 
gepragte  Anderungen  am  Ubergang.  Drudes  effektive  Masse  steigt  fur  die  P'-Phase  in  dem  Bereich, 
wo  die  a  -r  P’-Zusammensetzung  tbermodynamisch  bevorzugt  ist,  dramatisch  an,  was  ein  Ab- 
flachen  der  Bander  anzeigt.  Verschiebungen  der  InterbandeigenBchaften  bestatigen  diese  Deutung 
und  weisen  auf  konkurrierende  physikalische  Mechanismen  hin,  die  diese  Verschiebungen  ver- 
ursachen. 

1,  Introduction 

Ordered  beta  brass  (Ji'-CuZn)  is  a  traditional  prototype  binary  alloy  obeying  the  Hume- 
Rothery  rules  [1].  Its  theoretical  electronic  band  structure,  Fermi  surface  phase 
stability,  optical  and  other  properties  have  been  the  subjects  of  extensive  study 
[2  to  8].  The  wavelength-modulated  spectra  of  the  optical  properties  of  a  series  of 
compositions  of  this  alloy  system  have  been  studied  in  the  hope  that  they  will  help 
lead  to  a  better  determination  of  the  Cu  and  Zn  potentials. 

The  individual  shapes  of  conduction  and  Cu  d-bands  are,  according  to  calculations 
[2],  largely  independent  of  small  variations  in  crystal  potential;  however,  the  relative 
position  of  the  d-bands  and  conduction  bands  were  shown  to  be  very  sensitive  to  the 
nature  of  the  potential.  The  bands  originating  from  the  d-  and  lower  core  electrons 
of  the  elements  depend  primarily  on  the  nature  of  the  potentials  within  a  ralius  of 
one  atomic  unit  [3].  Self-consistent  free-atom  potentials  provide  a  reasonably  accurate 
description  of  the  fields  experienced  by  these  electrons.  It  is  the  behavior  of  the 
potential  between  1  at.  unit  and  the  atomic  cell  boundary  which  is  most  uncertain. 
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The  energies  of  the  valence  electrons  are  very  sensitive  to  variations  of  the  potential 
in  this  region  and  to  changes  of  the  constant  potential  F0  between  muffin-tin  spheres. 
The  conduction  bands  can  be  shifted  relative  to  the  d-bands  simply  by  altering  the 
slopes  of  the  potentials  beyond  a  radius  of  1  at.  unit  or  by  adjusting  F0.  This  is  il¬ 
lustrated  in  Fig.  1  for  several  possible  potentials  chosen  for  Cu  and  Zn.  The  resulting 
band  profiles  for  the  stoichiometric  alloy  along  the  [110]  direction  in  the  cubic  Brillouin 
zone  are  shown  in  Fig.  2.  It  can  be  seen  that  the  d-bands  are  effectively  shifted  with 
respect  to  the  conduction  bands  for  various  choices  of  potentials. 


r  z  mt  z  m  r  z  m  r  z  m 


Fig.  2.  Comparison  of  band  profiles  in  (TSM)  direction  resulting  from  potentials  of  Fig.  1  (from  [3]) 
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Fig.  3.  Phase  diagram  of  CuZn  alloy 
system  (from  [9]} 


The  phase  diagram  of  the  CuZn  alloy  system  is  given  in  Fig.  3  (cf.  [9]).  The  (i'-phase 
is  an  ordered  alloy  of  the  CsCl(B2)  type.  This  phase  exists  at  low  temperature  within 
a  narrow  range  of  compositions.  At  higher  temperatures  it  disorders  to  the  £-phase 
which  is  a  random  alloy  with  a  body-centered  cubic  structure.  It  should  be  noted 
that  the  (J  -•  P'  transformation  cannot  be  suppressed  by  quenching  [10],  At  lower  zinc 
compositions  the  ^'-phase  goes  into  an  «  •+•  p'  phase.  Pure  (S'-phase  material  may  be 
quenched  from  the  ^-phase  even  in  the  composition  range  where  the  at  -+-  {!'  phase  is 
thermodynamically  preferred  at  room  temperature. 

It  should  be  instructive,  then,  to  examine  the  optical  properties,  with  their  implica¬ 
tions  for  band  structure,  as  the  fi'  ^  at  -+•  JJ'  phase  boundary  is  crossed.  If  samples 
are  obtained  which  have  pure  ^'-composition  on  both  sides  of  the  boundary,  the 
effects  of  the  changes  in  the  crystal  potential  due  to  the  thermodynamic  stresses  in¬ 
volved  when  the  crystal  is  not  in  its  lowest  energy  state  may  be  studied.  The  intent 
of  this  study  is  to  provide  experimental  data  concerning  the  optical  properties  of  this 
alloy  system  near  this  phase  boundary,  in  order  to  stimulate  continued  theoretical 
interest  in  this  problem. 


2.  Sample  Preparation 

A  series  of  samples  was  produced  by  melting  high-purity  copper  and  zinc  in  sealed 
evacuated  quartz  tubes.  Sample  composition  was  determined  by  a  microprobe  ana¬ 
lysis.  The  three  samples  were  found  to  be  Guo  ^Zno  <q,  Guo.ss^no  4*,  and  Cuo  soZtio.sq- 
The  samples  were  cut  with  a  string  saw  and  polished,  the  final  polish  being  with 
0.3  pm  alpha  alumina  polishing  compound.  They  were  then  annealed  for  1  h  at  high 
temperature  in  the  {$-phase,  again  in  evacuated  quartz  tubes.  The  samples  were  quench¬ 
ed  to  room  temperature  and  given  a  final  light  polish  to  remove  any  oxide  layer.  A 
final  low-temperature  anneal  at  100  °C  relieved  any  residual  cold-work.  This  tem¬ 
perature  was  low  enough  to  prevent  dezincification  or  precipitation  of  the  a-  or  y- 
phase. 

*»• 
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Fig.  4.  X-ray  diffraction  scans  of  CiijZni-j  samples  as  a  function  of  26.  where  6  is  the  X-ray 
incident  angle,  is  evident  at  28  =  43.3°.  a-phase  would  appear  at  42.2°.  a  )x  =  0.54,  b)  0.52, 
c)  0.50  showing  martensite  line  at  44.7°,  d)  pure  3-phase  material  in  z  —  0.50  sample  after  low- 
temperature  anneal  to  eliminate  martensite 


Crystal  structures  of  the  samples  were  determined  by  X-ray  diffraction  analysis. 
Fig.  4  a  and  b  show  the  scans  of  the  Cu0  s4Zn0  «s  and  Cuo.szZno  4S  samples.  The  diffrac¬ 
tion  line  at  43.3°  in  each  is  due  to  (5-phase  material.  If  there  were  any  a-phase  material 
present,  it  would  reveal  itself  by  producing  a  line  at  42.2°.  Thus,  we  may  conclude 
that  these  are  pure  (3-phase  samples.  Fig.  4c  shows  the  first  scan  of  the  Cuo.soZnoao 
sample,  showing  an  additional  line  present  at  44.7°  for  this  sample.  This  is  due  to 
a  martensitic  phase,  which  is  a  deformation  of  the  (3-phase.  This  is  caused  by  un¬ 
relieved  thermal  stresses  which  occur  in  the  quenching  process  [11].  An  additional 
48  h  low-temperature  anneal  was  given  to  relieve  these  stresses.  This  produced  the 
results  shown  in  Fig.  4d,  which  indicate  that  pure  (3-phase  material  has  again  been 
obtained. 

3.  Experimental  Method 

Wavelength-modulation  spectroscopy  [12,  13]  was  used  because  of  the  unambiguous 
lineshapes  obtained  by  the  technique  and  the  resulting  ease  of  interpretation  of  those 
results.  The  theory  of  wavelength-modulation  spectroscopy  is  well  detailed  elsewhere 
[14,  15].  The  theory  of  lineshajies  near  a  three-dimensional  critical  point  was  given  by 
Batz  [16,  17],  It  is  sufficient  here  to  give  the  theoretical  lineshapes  for  the  sake  of 


kV  - - 


Fig.  5.  Universal  function.  Ft  II  ),  derived 
by  Bntz[l(i.  17]  for  lineshapes  near  critical 
points  as  seen  in  wavelength  modulation 
spectroscopy.  F(  H')  -  ( II  5  —  1]  -  1  -  [(  H'*  — 
—  I)1  -  —  II']1  where  If  is  the  reduced 
frequency  (<o  —  <u,l  >/.  is  the  interhand 
energy  at  the  critical  point  and  rj  is  a 
phenomenological  broadening  parameter 
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Table  1 

Derivative  of  critical  point*  with  broadening  included  in  terms  of  F(  If) 


critical 

point 

da) 

W*  p 

M# 

F(-ir> 

F(W) 

M, 

-F(Jf) 

F(-W ) 

M, 

-F(-U') 

—  F(W) 

M, 

F(fT) 

-F(-H') 

F(W)  =  [( W*  +  1)1/*  +  +  1)1/*;  W  -  (to  - 

reference.  All  three-dimensional  critical-point  lineshapes  may  be  expressed  in  terms  of 
a  single  function,  -F(IF),  which  is  reproduced  in  Fig.  5.  The  behavior  of  critical  points 
in  terms  of  F(1F)  is  listed  in  Table  1.  Derivative  data  with  a  resolution  of  0.02  eV  were 
taken  between  1.50  and  5.10  eV. 

The  ultimate  limit  of  the  wavelength  modulation  derivative  spectrometer  used  in 
this  investigation  is  to  be  able  to  detect  a  derivative  signal  of  the  order  of  A RjR  a;  10_s. 
It  is  important  to  remember  that  when  the  experimental  signal  is  actually  of  this  order, 
the  8ignal-to-noise  ratio  is  about  one.  This  will  also  be  seen  in  the  integral  optical  func¬ 
tions.  Also,  when  the  derivative  is  nearly  flat,  the  same  considerations  may  lead  to 
noise  in  the  optical  functions.  We  may  express  this  analytically  as  saying  that  the  error 
bars  will  be  larger  when  A R/R  is  small  or  when  d(AR/R)ld?.  is  small. 

This  is  the  source  of  the  anomalous  structure  which  will  be  seen  at  the  low  energy 
end  of  these  spectra.  This  is  also  the  source  of  the  noise  in  the  high-energy  regions  which 
make  exact  assignment  of  d-band-to-conduction  band  transitions  impossible. 

4.  Experimental  Results 

The  logarithmic  derivatives  of  this  series  of  samples,  which  are  the  direct  experimental 
results,  are  illustrated  in  Fig.  6.  These  are  integrated  to  yield  the  reflectivities  shown 
in  Fig.  7.  In  order  to  analyze  these  results,  the  dielectric  function  must  first  be  cal¬ 
culated. 

The  Kramers-Kronig  dispersion  relation  must  be  used  to  find  the  phase  shift,  so  that 
other  optical  properties  may  be  calculated  from  the  reflectivity  and  the  phase  shift. 
To  perform  the  integrals  involved,  the  reflectivities  must  be  extrapolated  over  the 
entire  energy  spectrum.  On  the  infrared  side,  a  Hagen-Rubens  extrapolation  (cf.  [18]) 
is  used  to  match  the  low-energy  end  of  the  experimental  spectrum  and  a  reflectivitv 
of  100%  at  zero  energy.  The  data  of  Muldawer  and  Goldman  [19]  are  used  from  5.1 
to  18  eV.  At  higher  energies,  a  constant  reflectivity  was  used.  This  brings  us  into  con¬ 
sistency  with  the  other  work  [19],  so  results  may  be  compared.  Using  this  information, 
the  real  and  imaginary  parts  of  the  dielectric  function, e,  and  r,,  are  calculated.  These 
are  found  in  Fig.  8.  Their  derivatives  are  found  numerically  and  are  displayed  in  Fig.  9. 

There  are  several  points  to  note  about  the  reflectivity  data.  The  position  of  the  main 
minimum  in  the  reflectivity  moves  from  lower  to  higher  energy  as  the  copper  concen¬ 
tration  decreases.  The  minima  are  at  2.48,  2.64,  and  2.68  eV  for  50.  48,  and  46%  zinc, 
respectively.  This  is  in  agreement  with  the  results  of  Muldawer  and  Goldman  [19], 
The  depth  of  the  reflectivity  minimum  increases  as  the  zinc  concentration  increases. 
At  50%  zinc  the  minimum  reflectivity  is  35.2%,  while  at  46%  zinc  the  minimum  is 
at  16.9%. 
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Fig.  9.  Derivatives  with  respect  to  energy  of  e[  and  with  respect  to  e,,  of  CuxZni_r.  (a)  x  = 
=  0.50,  (b)  0.52,  (c)  0.54 

The  final  note  is  that  the  reflectivity  at  higher  energies  is  essentially  featureless  and 
does  not  show  the  structure  which  has  been  reported  [19].  In  this  matter,  it  is  similar 
to  the  data  which  Jan  and  Vishnubhatla  [20]  obtained  for  CuZn.  The  reasons  for  this 
will  be  discussed  in  the  later  section  on  interband  transitions. 

5.  Intraband  Transitions 

The  intraband  and  interband  contributions  to  the  dielectric  function  have  been  separ¬ 
ated  using  a  method  of  deconvolution  which  was  previously  described  [21,22],  The 
values  of  the  Drude  effective  mass  and  relaxation  time  for  each  alloy  composition  are 
given  in  Table  2. 

The  relaxation  times  are  slightly  higher  than  others  have  found  by  optical  means 
for  this  alloy  system  [19,  20].  However,  it  should  be  noted  that  the  relaxation  times 
calculated  from  resistivity  data  are  an  order  of  magnitude  larger  than  those  found  by 
optical  means  [19]. 

Table  2 

Drude  optical  parameters 


composition 


effective  mass  to 
free-electron  mass 
m*/m0 


relaxation  time 
(10-1*  s) 
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The  most  striking  feature  of  the  data  in  Table  2  is  the  change  in  effective  mass.  The 
values  of  1.20  for  50%  and  1.17  for  48%  zinc  are  not  far  from  the  value  of  1.4  reported 
for  50%  zinc  [20],  The  effective  mass  of  1.89  free-electron  masses  found  for  the  46% 
zinc  sample  represents  a  significant  departure  from  the  other  compositions.  This  means 
that  there  is  a  considerable  flattening  of  the  energy  bands  near  the  Fermi  surface  when 
the  p'  — •  a  -+-  j}'  phase  transition  has  been  crossed  (Fig.  3)  at  the  lower  zinc  concen¬ 
tration. 


6.  Plasma  Resonance 

Before  making  interband  assignments,  we  need  to  look  at  the  structure  which  dominates 
the  experimental  spectrum,  the  main  plasma  resonance  which  is  responsible  for  the 
main  dip  in  the  reflectivity.  The  plasma  resonance  occurs  when  the  real  part  of  the 
dielectric  function  goes  through  zero.  In  the  CuZn  system  this  happens  at  a  point  very 
near  to  the  onset  of  interband  transition.  For  the  50%  zinc  sample,  the  plasma  reson¬ 
ance  is  at  2.45  eV,  while  for  the  48%  and  46%  zinc  samples  the  resonance  is  at  2.57 
and  2.59  eV.  The  peak  in  the  energy  loss  function  (Fig.  10)  due  to  the  plasma  resonance 
is  greatly  damped  because  of  the  relatively  large  values  of  et  in  the  region.  This  is 
because  of  the  proximity  of  the  onset  of  interband  transitions  to  the  plasma  resonance. 

7.  Fermi  Level-to-Conduction  Band  Transitions 

Once  the  Drude  parameters  have  been  determined,  they  may  be  used  in  the  classical 
Drude  expressions  for  the  dielectric  function  to  subtract  the  intraband  contribution 
from  the  total  experimentally  determined  dielectric  function.  The  remaining  functions 
are  the  interband  parts  of  the  dielectric  function.  The  real  parts  of  this,  f)b,  are  dis¬ 
played  in  Fig.  11.  left  part,  while  the  imaginary  parts, e!b,  are  given  in  Fig  11.  right 
part,  for  the  three  samples.  The  derivatives  of  these  are  shown  in  Fig.  12,  left  and  right 
part,  respectively.  These  results  are  now  used  to  analyze  and  assign  the  interband  tran¬ 
sitions  in  the  alloy  system. 

The  band  structure  of  ordered  beta-brass  as  calculated  by  Amar  and  co-workers 
[3,  4]  is  shown  in  Fig.  13.  The  derivatives  of  interband  parts  of  the  dielectric  function 

which  have  been  measured  may  now  be  compared 
to  the  band  calculations  using  t he  theory  of  Batz 
[16,  17]  for  wavelength-modulation  data. 

The  onset  of  interband  transitions  has  previ- 
ously  been  identified  as  the  Fermi  level  to  conduc¬ 
tion  band  transitions,  2,  —  2,  and  Ts  —  Tj 
[2,  4].  The  critical  point  of  thetransition,  then,  is 
My  —  M,.  It  would  be  expected  that  there  would  be 
a  double  structure  due  to  thetransition  Ms  — M3. 
The  above  band  structure  shows  a  value  of  2.0  eV 


Fig.  10.  Energy  loss  function  of  C'UjZni-,  U>  x  =  0.50. 
<bl  0.52,  (c)  0.54 
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Fig.  11.  Real  part  (e-lb)  and  imaginary  part  (f2t>)  of  the  bound  part  of  the  dielectric  function  of 
CurZni  _ ,,  determined  by  subtracting  the  Drude  contribution  from  the  data  of  Fig.  8  (left  part), 
(a)  x  =  0.50,  (b)  0.52.  (c)  0.54 


A  se  -s 

L  ev'  —  - 

Fig.  12.  Derivative  vrith  respect  to  energy  of  rib,  rjh  and  with  respect  to  r; h,  1 ofCu,Zni_,. 
(a)  x  «  0.50,  (b)  0.52,  (c)  0.54.  With  reference  to  the  band  structure  in  Fig.  13  obtained  from  (3,  4], 
the  following  tranaitiona  are  identified  for  Cuo  soZno  so:  Ms  —  M,  (3.10  eV),  Ms  —  M,  |3.29  e\  ), 
T,  -  T,  (3.7  eV);  for  Cu0  52Zn„4t,:  M»  -  M,  (3.36  eVl.  Ms  -  M,  (3.6  eV),  T,  -  T*  (3.7  e\  |;  for 
Cuo  ssZno  <«:  Ms  -  M,  (3.01  eV).  Mj  -  M,  (3.2«  eV),  T,  -  T,  (3.6  eV) 
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Fig.  13.  Band  atrncture  of  3'-CuZn  calculated  by  Amar  and  co-workers  [3,  4] 


for  the  onset  of  transition  T,  T,  and  2.3  eV  for  the  transition  S4  —  E,.  It  shows  that 
the  My  —  M,  transition  has  an  energy  of  3.3  eV.  Therefore,  we  should  expect  to  see 
a  break  in  the  derivative  of  the  dielectric  function  due  to  the  onset  at  about  2.0  eV 
followed  by  an  enhancement  near  2.3  eV.  This  would  then  be  followed  by  a  double- 
extreme-  point  structure  near  3.3  eV. 

We  can  also  determine  from  the  band  structure  the  type  of  three-dimensional  critical 
point  to  expect.  The  band  at  My  has  greater  curvature  than  the  conduction  band  at  Mj. 
Therefore,  the  transition  My  —  M,  is  a  maximum  of  the  optical  band,  an  M,  critical 
point.  This  is  not  the  case,  however,  for  the  My  —  M3  transition.  The  conduction  band 
rises  much  faster  than  the  valence  band  in  the  Z-direction,  but  is  again  shallower  than 
the  valence  band  in  the  T-direction  of  the  Briliouin  zone.  Therefore,  theoptical  band 
has  a  saddle-point  type  of  critical  point  for  this  transition. 

In  the  derivative  of  f,b  for  Cuo  soZn0  50  (Fig.  12  (curve  a),  left  part),  the  critical  point 
structure  is  found  in  the  double  dip  structure  centered  at  about  3.1  eV.  Since  an  M3 
critical  point  has  a  positive  derivative  in  e,b  at  the  critical  point,  the  My  —  M4  transi¬ 
tion  is  associated  with  the  positive  peak  at  the  center  of  the  double  structure.  The 
associated  structure  in  the  derivative  of  £2b(Fig.  12  (curve  a),  right  part)  is  the  local 
dip  in  the  descending  derivative  at  3.14  eV.  The  centrum  of  these  two  structures  is  the 
location  of  the  critical  point,  3.16  eV.  The  assignment  of  the  My  —  M3  given  to  the 
local  minimum  in  the  derivative  of  e!b  at  3.26  eV.  The  corresponding  structure  in  the 
derivative  of  e2b  is  the  minimum  at  3.32  e%'.  The  position  of  the  critical  point  is  thus  at 
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3.29  eV.  This  is  in  dose  agreement  with  the  calculations  of  Amar  and  co-workers 
[3,  4],  but  is  somewhat  higher  in  energy  than  the  theory  of  Skriver  and  Christensen  [8] 
and  the  results  of  Muldawer  and  Goldman  [19]. 

The  onsets  of  these  transitions  are  associated  with  breaks  in  the  derivatives  at  lower 
energies.  There  are  breaks  in  the  derivatives  at  2.1  and  2.2  eV  which  could  be  assigned 
to  onsets  at  T4  -»  Ts  and  Z,  — ►  Zj,  respectively.  The  break  at  2.5  eV  could  then  be 
assigned  to  the  onset  at  T4  —  Tt  ,  although  this  should  be  regarded  as  speculative. 

In  Cuo  mZdo  48.  the  onsets  of  the  transitions  have  remained  at  pretty  much  the  same 
energies,  while  the  critical  points  have  moved  to  higher  energies.  Note  (in  Fig.  12 
(curve  bl,  left  and  right  part)  that  the  double  structure  at  the  critical  points  remains, 
but  it  has  moved  to  higher  energy,  in  agreement  with  [19],  The  M5  —  Mj  critical 
point  is  at  3.36  eV  and  the  My  -»  M,  critical  point  is  at  3.60  eV.  This  also  represents 
a  slightly  greater  separation  between  the  two  conduction  bands.  There  are  again 
breaks  in  the  derivative  spectra  at  2.1,  2.2,  and  2.6  eV,  for  this  composition,  which 
have  the  same  interpretation  as  the  corresponding  structures  seen  in  the  50%  copper 
sample. 

The  Cu<>  .s<Zn0  presents  a  considerably  different  picture  of  the  interband  transitions 
as  measured  by  the  derivatives  ofcib  and  C2b  (Fig.  12  (curve  c),  left  and  right  part). 
The  My  —  Mj  critical  point  is  at  3.01  eV  and  the  My  -•  M,  critical  point  is  at  3.29  eV. 
The  break  at  1.9  eV  is  the  onset  of  transitions  to  the  lower  conduction  band  and  the 
break  at  2.4  eV  is  due  to  transitions  to  the  upper  conduction  band. 

For  each  of  the  samples  in  this  investigation,  the  derivative  of  e2b  is  dominated  by 
a  large  negative  dip  which  is  due  to  the  My  — •  M,  transition.  The  peak  due  to  the 
My  —  Ms  transition  is  a  perturbation  which  is  superimposed  on  the  major  dip.  The 
critical-point  energies  are  greater  for  Cu0  5jZno  «s  than  for  Cu05oZn0so,  but  are  then 
again  lower  for  the  Cuos4Zn04s  sample.  This  indicates  that  there  are  competing  forces 
whose  interplay  determines  the  transition  energies. 

8.  d-Band  Transitions 

The  band  structure  of  Fig.  13  shows  that  the  Cu  d-bands  lie  4  to  6  eV  below  the  Fermi 
surface.  There  are  several  points  in  the  Brillouin  zone  where  d-band  to  Fermi-surface 
transitions  are  possible,  with  the  energies  of  the  onsets  being  approximately  equal. 
However,  the  critical-point  structure  of  the  transitions  will  not  be  seen  because  the 
transition  at  the  actual  extremum  of  the  optical  band  would  be  a  filled  state-to-filled 
state  transition.  For  example,  the  band  picture  shows  that  the  transition  Ts  —  T5 
occurs  at  about  4.1  eV.  The  critical  point  of  this  transition  is  at  Mt  —  My.  The  band 
is  filled  at  My  so  the  extremal  point  will  not  be  seen. 

When  this  kind  of  transition  occurs,  the  critical  structure  is  missing  and  only  relat¬ 
ively  small  breaks  in  the  derivatives  of  eb  are  seen.  In  addition,  it  is  unlikely  that  these 
d-band-to-Fermi  surface  transitions  will  cause  large  structures  in  the  N/?/F  derivative 
data,  and  this  is  confirmed  in  our  experimental  data.  This  is  distinctly  different  from 
other  reflectivity  data  [19],  where  a  series  of  structures  are  seen  extending  from  3.7  eV 
to  higher  energies.  The  reason  for  this  discrepancy  is  not  clear. 

In  the  48%  and  50%  Zn  samples,  there  is  evidence  for  breaks  in  the  derivatives,  as 
discussed,  at  about  3.7  eV.  In  the  46%  Zn  sample,  the  first  such  break  occurs  at  3.6  eV. 
These  results  are  slightly  lower  than  the  band  structure  of  Amar  and  Johnson  [3,  4] 
would  indicate.  Skriver  and  Christensen  [8]  show  that  the  d-bands  lie  3  to  5  eV  below 
the  Fermi  surface,  which  would  be  considerably  lower  than  our  results.  Thus,  the  d- 
band-to-Fermi  surface  energy  difference  is  much  less  affected  by  the  crossing  of  the 
phase  boundary  than  are  the  Fermi  eurface-to-conducting  band  energy  differences,  in 
agreement  with  [19], 
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9.  Conclusions 

There  are  three  major  experimental  facts  arising  from  this  investigation  which  need 
to  be  brought  together  to  provide  a  unified  picture  of  the  physics  of  this  alloy  system. 
They  are: 

(i)  The  effective  mass  for  intraband  transitions  has  a  sharp,  large  increase  as  we  go 
from  the  jS'-field  to  the  at  -f  {3'  field,  while  maintaining  a  ^'-structure. 

(ii)  The  energy  differences  for  the  valence  band-to-conduction  band  critical  points 
first  rise  upon  going  to  lower  composition  and  then  drop  significantly  upon  crossing 
the  phase  boundary. 

viii)  The  onset  of  d-band-to- valence  band  transitions  moves  to  lower  energy  as  the 
Zn  concentration  decreases,  but  the  effect  is  much  less  than  in  (2). 

We  note  from  these  observations  that  there  is  a  considerable  flattening  of  the  valence 
bands  upon  crossing  the  phase  boundary.  There  is  also  a  downward  shifting  of  both 
the  conduction  and  the  Cu  d-bands  with  respect  to  the  valence  bands,  although  the 
shift  of  the  conduction  bands  is  much  greater  than  the  shift  of  the  d-bands.  The  expla¬ 
nation  of  these  results  must  form  the  basis  for  future  band  calculations  in  this  alloy 
system. 
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Derivative  spectra  of  the  optical  properties  of  [S'-AuZn  are  obtained  using  ■wavelength-modulated 
spectroscopy  between  1.5  and  5.1  eV.  Assignments  are  made  for  the  interband  transition  at  the  M 
point  of  the  Brillouin  zone  which  fix  the  transition  energies  with  an  accuracy  previously  unat¬ 
tained. 

Ea  vrerden  Ableitungsspektren  der  optischen  Eigenachaften  von  £'-AuZn  mittels  wellenlangen- 
modulierter  Spektroskopie  zwischen  1,5  und  5,1  eV  erhalten.  Fiir  den  Interbandubergang  am  M- 
Punkt  der  Brillouin- Zone  werden  Zuordnungen  gemacht,  welche  die  Ubergangsenergien  mit  einer 
bisber  un  rreichten  Genauigkeit  festlegen. 

1.  Introduction 

[J'-AuZn  is  nearly  a  perfect  prototype  of  the  ordered  alloy  of  the  CsCl  structure.  The 
£ '-phase  is  an  ordered  phase  of  two  interlocking  simple  cubic  sublattices,  one  for  each 
atomic  constituent;  the  cube  comers  of  each  sublattice  form  the  cube  centers  for  the 
other  sublattice.  The  principal  problem  in  calculating  the  band  structure  of  this  alloy 
system  is  similar  to  that  in  other  alloys,  that  is,  the  problem  of  specification  of  the 
potentials  to  give  proper  placement  of  the  Au  d-bands. 

The  best  band  structure  calculation  available  places  the  Au  d-bands  with  an  accu¬ 
racy  of  0.5  eV  [1],  Previous  experimental  studies  of  this  alloy  system  [2,  3)  have  not 
shed  much  light  on  this  problem  since  they  mainly  dealt  with  the  principal  band 
edge,  which  does  not  involve  the  lower  lying  d-bands. 

This  current  study  reports  the  wavelength-modulated  spectrum  of  (}'-AuZn  for  the 
first  time.  The  results  which  follow  give  specific  assignment  to  some  of  the  transitions 
involving  the  Au  d-bands.  The  spectrum  of  (1  IB)  (d R/dE)  has  been  determined  be¬ 
tween  1.5  and  5.1  eV,  and  other  optical  properties  have  been  calculated  after  a  Kra- 
mers-Kronig  analysis  of  the  data  was  performed. 

The  ordered  3-phase  of  AuZn  is  stable  over  a  narrow  range  of  atomic  composition, 
bracketing  the  stoichiometric  ^'-Au5oZn50,  as  shown  in  Fig.  1.  At  room  temperature, 
the  boundaries  of  the  g'-phase  are  Au4lZn5j  and  Au5j  5Zn47  5,  with  the  phase  boundaries 
widening  -with  increasing  temperature  [4],  This  phase  has  the  structure  of  CsCl  (B2) 
type  [5],  with  a  lattice  constant  a  =  0.3128  nm  at  49.5  at°,0  Zn  [6].  It  may  also  be 
noted  from  Fig.  1  that  this  system  has  no  disordered  [3-phase  at  higher  temperature  as 
is  seen,  for  example,  in  the  CuZn  alloy  system  [4j. 
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Fig.  1.  Fhaae  diagram  of  tbe  Aui-^Znj 
alloy  system.  Dashed  lines  indicate 
boundaries  which  have  not  been  firmly 
established  [4] 
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2.  Sample  Preparation 

The  AuZn  sample  which  was  used  in  this  investigation  was  prepared  from  0.9998 
pure  Au  and  0.99999  pure  Zn.  The  AuZn  mixture  was  sealed  in  &  tube  at  a  pressure 
of  less  than  10~*  mm  Hg  and  shaken  in  the  liquid  state  5000  times  before  quenching 
to  room  temperature.  The  sample  was  subsequently  annealed  at  600  °C  for  24  h  in 
order  to  homogenize  it,  and  was  then  again  quenched  to  room  temperature.  After 
cutting  and  polishing,  it  was  given  another  anneal  near  200  °C  in  order  to  remove  any 
cold  work  introduced  during  the  finishing  process.  The  final  composition  of  the  sample, 
as  determined  by  assay  for  Au  content  by  the  U.S.  Mint,  is  {3'-Au51  8Zn4,  >. 

3.  Experimental  Method 

Wavelength-modulated  spectroscopy  [7.  8]  was  used  because  of  the  unambiguous 
Lineshapes  obtained  by  the  technique  and  the  resulting  ease  of  interpretation  of  these 
lineshapes.  The  theory  of  wavelength-modulation  spectroscopy  is  well  detailed  else¬ 
where  [9,  10].  The  theory  of  the  lineshapes  near  a  three-dimensional  critical  point 
was  given  by  Batz  [11,  12].  It  is  sufficient  here  to  give  the  theoretical  lineshapes  for 
the  sake  of  reference.  All  three-dimensional  critical-point  lineshapes  may  be  expressed 
in  terms  of  a  single  function,  /"(ll'),  which  is  reproduced  in  Fig.  2.  The  behavior  of 


Fig.  2.  Universal  function.  F(ir),  derived 
by  Batz  [11,12]  for  lineshapes  near  criti¬ 
cal  points  as  seen  in  wavelength  modula¬ 
tion  spectroscopy.  F{  If )  =  [IF5  —  I]-1'2  ■: 
x  [( IF*  4-  l)1  -  4-  H-]1^,  where  IV  is  the  re¬ 
duced  frequency  (io  —  V  *<"t  is  the  inter- 
band  energy  at  the  critical  point  and  »;  is  a 
phenomenological  broadening  parameter 
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Table  1 

Derivative  of  critical  points  with  broadening  included  in  terms  of  F{  W) 

(/-(»•)  =  [<ir*  -  i)1-*  -  -  !)>•=.  ir  =  (o>  -  u»g)/ij) 


critical 

point 

W1  P 

am 

2,’«  p 

aaj 

M. 

F(-W) 

F(  W) 

M, 

-F(W) 

F{-W) 

Ms 

-F(-W) 

-F(  ID 

M, 

F<H) 

-F(-H-) 

critical  points  in  terms  of  F{W)  is  listed  in  Table  1.  Derivative  data  with  a  spacing 
of  0.02  eV  between  data  points  were  taken  between  1.50  and  5.10  eV.  The  depth  of 
modulation,  AP./A,  was  about  1.5  x  10~*  at  the  Hg  green  line  and  varied  in  &  manner 
that  was  approximately  proportional  to  energy.  Thus,  the  resolution  of  the  data 
should  be  better  than  the  spacing  of  the  data  points. 

4.  Experimental  Results 

The  logarithmic  derivative  of  the  reflectivity  (Fig.  3)  was  determined  experimentally 
and  integrated  to  yield  the  complete  reflectivity  spectrum  from  1.5  to  5.1  eV  (Fig.  4). 
The  general  shape  of  the  reflectivity  curve  in  Fig.  4  agrees  with  previous  results  [2,  3], 
but  shows  shifting  of  major  structures  and  ha6  additional  fine  structure.  The  minimum 
at  3.2  eV  and  the  maximum  at  3.78  eV  are  at  higher  energies  than  in  the  other  work. 
The  sharp  dip  in  the  reflectivity  at  about  2  eV  accounts  for  the  color  of  the  material, 
which  could  be  described  as  a  ruddy  brass.  This  may  be  similar  to  the  yellow-pink 
described  by  Jan  and  Vishnubhatla  [3]  and  the  “pale  purple"  seen  by  Muldawer  [2). 

In  order  to  determine  the  other  optical  properties  of  AuZn,  a  Kramers-Kronig 
analysis  of  the  data  was  undertaken.  In  order  to  perform  the  integration  which  is 
involved,  extrapolations  of  the  reflectivity  to  the  infrared  and  ultraviolet  regions  of 
the  spectrum  were  necessary.  The  data  of  Jan  and  Vishnubhatla  [3]  were  used  for  the 
region  from  5.1  to  10  eV.  Contributions  to  the  integrals  from  even  high  energies  are 
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Fig.  3  Fig.  4 

Fig.  3.  (1/ R)  {dRIdF)  for  3'-AuZn.  This  is  the  direct  experimental  result  of  wavelength-modulated 
derivative  spectroscopy 

Fig.  4.  Reflectivity  of  3'-AuZn.  The  reflectivity  is  determined  by  integrating  tbe  results  of  Fig.  3 
«:  ptirsio  (bi  129/2 


/vyvV- 


lAAkV.V 


738 


R.  Steajlss,  R.  Bbattsstmh,  and  L.  Mnoiw eh 


antr^t  ev'  - -  anrqyteV] 


Fig.  5  Fig.  6 

Fig.  5.  Real  and  imaginary  part*  of  the  dielectric  function,  a)  e,  and  b)  e,  [15].  Theae  are  deter- 
mined  by  a  Kramen-Kxonig  analysis  of  the  reflectivity  in  Fig.  4 

Fig.  6.  Derivatives  of  the  real  and  imaginary  parts  of  the  dielectric  function,  a)  t,  and  b)  r2 

small,  due  to  the  local  nature  of  the  integrals.  A  principal  effect  of  a  different  choice 
of  far  uv  extrapolation  is  the  addition  of  a  dc  level  to  the  optical  constants.  Sluldawer 
and  Goldman  [13]  found  that  for  fi-CuZn  alloys,  the  reflectivity  actually  increases 
between  12  and  18  eV.  Therefore,  in  order  to  provide  a  reasonable  comparison  with 
other  alloys  of  the  CsCl  structure,  a  constant  reflectivity  was  used  for  energies  greater 
than  10  eV.  In  the  infrared,  a  Hagen-Rubens  extrapolation  (cf.  [14])  to  a  reflectivity 
of  100%  at  zero  energy  was  used.  The  extrapolations  were  normalized  to  the  experi¬ 
mental  data.  These  are  small  discontinuities  at  the  points  where  the  spectral  regions 
meet.  This  can  cause  localized  anomalous  structure  at  the  end  points  of  the  data. 
However,  due  to  the  local  nature  of  the  Kramers-Kronig  integrals,  this  structure  will 
not  effect  the  general  structure  of  the  experimental  spectra. 

Fig.  5  shows  the  real  and  imaginary  parts  of  the  dielectric  function,  e,  and  e,,  and 
Fig.  6  their  derivatives,  e[  and  e2,  which  are  calculated  from  the  results  of  the  Kramers- 


Fig.  7.  Determination  of  the  Drude  parameters  of  S'- AuZn. 
The  curves  represent  two  functions,  m*(r)  (m*  effective 
mass,  r  relaxation  time),  one  for  the  real  part  and  one  for 
the  imaginary  part  of  t  .  Each  function  gives  the  value  of  m* 
which  best  deconvolutes  [14,  15]  the  Drude  and  bound  parts 
of  the  dielectric  function  for  a  given  value  of  r.  The  crossing 
of  these  functions  (t  =  2.76  x  10"ls,  m*/m  =  1.10)  is  the 
point  where  the  same  values  of  nt*  and  r  minimize  the  de- 
correlation  function  of  both  e[  and  e2.  This  intersection  is  the 
physical  result  for  the  Drude  parameters  [14,  15] 
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Fig.  8.  Bound  parts  of  the  dielectric  function,  eib  and  «2b  [15],  which  result  when  the  Drude  contri¬ 
butions  are  subtracted  from  et  and  f, 

Fig.  9.  Derivatives  with  respect  to  energy  of  the  bound  pans  of  the  dielectric  function.  r[b  and 
eib-  "’ith  reference  to  the  band  structure  in  Fig.  11  obtained  from  [11],  the  following  transitions 
are  identified:  Mr_  -  M«-  (1.67  eV),  Mr-  —  M:-(£F)  (2.06  eV),  Ms-  -  Ms-  (2.28  eV). 
Mr-  -  Mr-  (3.26  eV), Ms-  -  Mr-  (3.86  eV),  Ms-(d)  -  Mr-  (4.4  eV).  M«*(d|  -  M#-  (4.61  eV) 


Kronig  integral.  These  data  are  then  used  to  find  the  Drude  parameters,  the  effective 
mass,  and  relaxation  time,  by  deconvolving  the  Drude-llke  terms  and  bound  terms 
as  described  elsewhere  [15,  16],  Fig.  7  shows  the  curves  generated  from  the  deriva¬ 
tives  of  the  dielectric  functions  to  separate  the  free-  and  bound-electron  contributions. 
Their  intersection  determines  the  values  of  the  Drude  parameters  [14,  15].  The  Drude 
effective  mass  was  found  to  be  1.10  times  the  free-electron  mass  and  the  relaxation 
time  was  found  to  be  2.76  X  10'14  s.  The  value  for  the  effective  mass  compares 
favorably  with  the  previous  value  of  1.2  [3].  The  relaxation  time  for  AuZn  is  not  given 
elsewhere;  the  value  here  is  about  2  to  3  times  the  relaxation  time  for  CuZn  [13]. 
Fig.  8  and  9  are  the  bound -electron  contributions  to  the  dielectric  function,  £lh  and  £jb, 
and  their  derivatives,  fjb  and  £;b,  which  are  obtained  when  the  Drude  parameters  are 
used  to  subtract  the  free-electron  contributions  from  the  dielectric  function. 


Fig.  10.  Absorption  coefficient,  a,  of  3  -AuZn 
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Finally,  the  absorption  coefficient  is  given  in  Fig.  10.  The  general  shape  is  the  same 
as  previously  reported  [3],  but  the  maximum  is  at  4.1  instead  of  3.2  eV.  This  also 
illustrates  the  shift  in  major  structure  noted  in  the  discussion  of  the  reflectivity. 

5.  Interband  Transitions 

The  band  structure  which  was  previously  calculated  for  AuZn  is  given  in  Fig.  11  [1], 
Assignment  of  interband  transitions  is  made  using  the  data  found  from  the  derivatives 
of  the  bound  parts  of  the  dielectric  function.  The  proper  lineshape  for  each  transition 
is  determined  by  first  finding  the  type  of  critical  point  involved  in  the  transition  from 
band  theory  and  comparing  that  with  the  lineshapes  of  Table  1.  Finding  that  a 
transition,  determined  from  Fig.  9,  has  a  lineshape  as  expected  near  the  predicted 
energy  lends  confidence  to  interband  transition  assignments. 

4J  Frr-m i  Iml  to  higher  band* 

The  band  structure  in  Fig.  11  shows  that  the  onset  of  interband  transitions  is  due  to 
transitions  from  the  Fermi  level  to  higher  conduction  bands  at  the  M  point,  that  is, 
the  (110)  direction,  in  the  Brtllouin  zone.  The  lowest -energy  transitions  are  Mj_  — • 

—  Me-  and  Me-  —  Me*.  The  band  calculation  has  a  critical  gap  of  2.0  eV  for  MT_  — 

—  M«-  with  an  onset  at  1.6  eV  for  this  transition.  The  Me-  —  Me-  transition  has  a 
critical  point  energy  of  2.6  eV  and  an  onset  of  1.8  eV,  according  to  Fig.  11.  The  experi¬ 
mental  data  yield  lower  values  for  these  energies.  M:_  —  Me-  is  at  1.67  eV.  This  is 
probably  the  reason  why  the  reflectivity  is  rising  at  the  low-energy  end  of  the  spectrum. 

M#_  — »  Me-  is  found  to  be  at  2.28  eV,  as  given  by  the  dip  in  ejt  at  2.4  eV  and  the 
peak  in  e|b  at  2.2  eV.  Both  transitions  involved  here  are  shifted  to  a  lower  energy  by 


Fig.  11.  Band  atructure  of  S'-AuZn  aa  calculated  by  Connolly  and  Johnson  [1] 
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about  0.3  eV.  This  leads  to  a  conclusion  that  the  M«+  conduction  band  should  be  shifted 
dotm  by  about  that  energy  with  respect  to  the  Fermi  level.  If  this  is  done,  that  would 
place  the  onset  of  the  second  transition  below  the  experimental  energy  range. 

The  transitions  from  the  Fermi  level  to  the  second  higher  conduction  band  occur  in 
the  intermediate  part  of  the  spectrum.  The  band  picture  predicts  that  the  transitions 
M;_  —  M;+  and  M«_  —  will  be  at  3.3  and  3.9  eV,  respectively.  The  experimental 
data  show  these  to  be  at  3.26  and  3.86  eVr.  These  assignments  give  an  internal 
consistency  to  the  results.  By  subtracting  transition  energies,  a  value  for  the  Mft_  — 
—  M?-  gap  may  be  obtained.  The  low  and  intermediate  energy  assignments  give 
0.61  and  0.60  eV,  respectively,  for  this  difference.  The  difference  between  these  two 
values  is  less  than  the  resolution  of  the  experimental  data. 

5J2  Tmniition a  involving  d- bonds 

There  is  one  other  structure  in  the  lower-energy  portion  of  the  spectrum.  This  is  due 
to  transitions  from  the  upper  Au  d-band  to  the  Fermi  level.  The  actual  critical  point 
from  the  highest  lying  +  totheM?_  conduction  band  at  the  Fermi  level  cannot  be 
seen  because  the  upper  level  is  filled.  However,  the  transition  has  an  onset  at  the  point 
where  the  valence  band  crosses  the  Fermi  level.  By  inspection  of  the  band  structure 
of  Fig.  11,  it  is  apparent  that  this  critical  point  is  of  the  M„  (minimum)  type.  Fig.  12 
shows,  in  accordance  with  Table  1,  how  the  lineshapes  for  t,  and  c2  behave  near  an  M„ 
critical  point.  In  this  figure,  tu,  is  the  critical  point  gap  and  o>0  is  the  point  of  the 
actual  onset.  The  dashed  line  shows  how  the  transition  lineshape  will  actuallv  behave. 
Note  that  the  structure  in  ej  is  quite  small  compared  to  the  structure  which  would  be 
observed  in  ej.  This  behavior  can  actually'  be  seen  in  the  experimental  spectrum  at 
2.06  eV.  The  observation  of  this  transition  is  an  illustration  of  the  strength  of  modula¬ 
tion  spectroscopy,  since  this  observation  would  be  very  difficult  in  a  standard  reflectiv¬ 
ity  experiment. 

The  onset  is  observed  at  2.06  eV,  compared  to  2.2  eV  as  predicted  by  the  band 
structure.  Fig.  13  shows  how  some  of  the  bands  might  be  shifted  to  match  the  obser¬ 
vations  made  so  far  (along  with  some  other  shifts  which  will  be  discussed  in  the  re¬ 
mainder  of  this  discussion).  The  Ms.  point  is  shifted  down  in  energy  by  0.3  eV,  while 
M: .  remains  the  same.  The  M7_  and  M«-  partially  filled  valence  bands  are  unchanged 
with  respect  to  these  two  bands.  The  Au  d-band  is  shifted  upward  by  about 
0.2  eV,  in  accordance  with  the  observed  structure. 


Fig.  12.  Lineshapes  near  tn  M,  cricital  point  ss  determined  from  Fig.  2  and  Table  1.  If  the  upper 
band  involved  in  the  transition  is  partially  filled,  then  the  critical  point  itself  will  not  be  seen  in 
the  experimental  spectrum  since  it  is  a  filled-state  to  filled-state  transition.  Transitions  will  begin 
at  an  energy,  *.■>,,  at  which  there  are  empty  final  states.  The  dashed  lines  in  the  figure  show 
the  expected  experimental  results  for  such  a  situation 
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Fig.  13.  Adjustment*  of  the  g'-AuZn  bands  near  the  M  point 
of  the  Briilonin  zone  to  fit  the  experimental  results.  The  solid 
lines  are  reproduced  from  Fig.  11  and  the  dashed  lines  are  the 
adjustments  of  the  bands  which  are  suggested  by  the  experi¬ 
mentally  determined  transition  assignments 


If  the  modification  of  the  conduction  band  is 
correct,  the  transition  from  the  second  Au  d-band  to 
this  upper  band  would  be  at  4.6  eV.  A  major  structure 
is  observed  centered  at  4.61  eV.  Since  it  follows  the 
lineshape  for  the  M#  transition  which  iB  predicted  by 
the  band  picture,  this  structure  iB  assigned  to  the  Ma¬ 
id-band)  —  M*-(cond.)  transition. 

Also,  the  modification,  along  with  the  proposed 
shift  in  the  d-band,  brings  the  M;.  -♦  transi¬ 
tion  to  almost  the  same  energy  as  the  Mr_  —  M-. 
transition  discussed  previously.  The  convolution  of 
these  two  critical  points  can  be  seen  in  the  additional 
structure  at  about  3  4  eV. 

The  last  major  structure  in  this  experimental  spectrum  is  at  5.0  eV.  A  possible 
assignment  for  this  structure  is  the  d-band  to  conduction  band  transition  MT  -  —  M#  -  . 
However,  this  would  require  breaking  the  degeneracy  of  the  intermediate  Au  d-bands 
as  suggested  by  Fig.  13.  An  exact  assignment  is  difficult  since  anomalous  structure  due 
to  end-point  problems  may  have  some  effect  on  the  apparent  optical  functions,  as 
discussed  previously. 

The  only  transition  which  we  would  hope  to  see  from  the  lowest  Au  d-band  is  to  the 
Fermi  level.  Again,  the  actual  critical  point  is  filled,  so  all  that  will  be  seen  is  a  small 
break  in  the  spectrum  at  the  point  where  the  d-band  to  Fermi  level  transition  has  its 
onset.  The  band  structure  gives  an  energy  of  4  8  eV  for  the  onset  of  this  transition. 
There  are  no  breaks  between  the  structures  at  4.6and  5.0eV.This  transition  is  assigned 
to  the  small  structure  at  4.4  eV.  This  necessitates  raising  the  lower  Au  d-band  as  shown 
in  Fig.  13.  This  structure  is  right  at  the  limits  allowed  by  the  noise  level  in  the  data, 
so  this  assignment  must  be  regarded  as  tentative. 

6.  Conclusions 

The  experimental  results  which  have  been  described  are  summarized  in  Table  2  These 
results  should  help  in  the  placement  of  the  Au  d-bands  in  the  AuZn  alloy  system.  In 
the  band  structure  of  Connolly  and  Johnson  [1],  the  four  Au  d-bands  had  a  total 
width  of  2.8  eV  at  the  M  point,  while  using  the  results  from  our  work,  this  same  width 
is  about  2.5  eV.  This  should  be  a  more  accurate  result,  since  the  placement  of  the 
d-bands  in  the  previous  calculation  was  4-0.5  eV.  These  results  should  allow  a  more 
accurate  calculation  of  the  crystal  potential  for  band  structure  calculations 
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Table  2 


Summary  of  experimental  reaulta 


transition 

predicted 
energy  (eV) 

[1] 

experimental 

energy 

A E  (eV) 

Mr-  -  M«. 

2.0 

1.67 

Ms-  -  Ms- 

2.6 

2.28 

M7-  -  Mr- 

3.3 

3.26 

Ms-  -  M7- 

3.9 

3.86 

M7-  (upper  d)  —  M7 -(£'{•) 

2.2  (onset) 

2.06  (onset) 

Ms -(mid.  d)  —  Ms-(cond.) 

5.0 

4.61 

M7-  -  Ms- 

5.0 

es5.0 

Ms-(lowerd)  —  M7_(Ey) 

4.8  (onset) 

4.4  (onset) 

Rg-  -  R;_ 

4.6 

4.6 

Rs-  -  Kg+ 

4.8 

5.0 

Drude  effective  maaa  =  1.10. 

Drude  relaxation  time  r  =  2.76  X  10_u  a. 
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Abstract 

An  Infrared  wavelength  modulated  absorption  spectrometer  capable  of  measuring  changes  in  the  absorption 
coefficient  of  levels  of  10~3  cm"1  in  the  spectral  range  0.2-20  microns  was  employed  to  study  bulk  and 
surface  absorption  in  semiconductors  The  results  of  the  study  of  deep  levels  in  semi- insul.it  1  ng  GjAs 
surface  layers  on  Si,  GaAs ,  and  HgCdTe,  oxygen  complexes  in  floating-zone  silicon,  and  determination  of 
strain  In  Ion  implanted  layers  are  presented. 


Introduct  ion 


The  utilization  of  semiconductors  In  devices  for  the  amplification,  detection,  generation,  and  signal 
processing  of  high  frequency  electromagnetic  radiation  in  verv  high  density  configurations  requires  an 
Intimate  knowledge  of  the  Impurities  and  structure  imperfections  whirh  affect  device  performance  It  f.ns 
been  a  scientific  end  technological  challenge  to  develop  nondestructive  techniques  to  detect  such 
imperfections  snd  to  develop  s  conceptual  framework  for  understanding  their  mlrroaroplr  electronic  structure 
In  fashioning  high  density  arrays  of  semiconductor  devices.  It  is  essentisl  to  start  with  well 
characterized,  homogeneous  substrstes  to  obtain  near-identical  properties  of  individual  circuit  elements 
Aside  from  knowing  how  to  select  the  initial  "winning''  substrate,  subsequent  device  processing  tan  introduce 
unknown  Impurities  or  defects  which  can  degrade  device  performance  and  consequently  it  would  be  desnalle  tj 
have  a  technique  which  is  capable  of  following  the  evaluation  of  a  semiconductor's  character ist ics  from  its 
Initial  growth  through  the  device  processing  phases. 

A  powerful  array  of  enetron  spectroscopies1  exist  for  detecting  chemical  impurities  but  these  require  an 
ultra-high-vacuum  environment  and  are  not  readily  adaptable  to  analytical  procedures  which  can  ultimately  he 
used  on  the  production  line.  There  exists  ah  immense  variety  of  Junction  techniques  employing  some  fora  of 
deep  level  transient  spectroscopy  <DLTS>  to  study  deep  level  defects  whose  variation  depends  or.  whirl, 
junction  parameter  la  finally  measured.2  However,  apart  from  technical  details,  the  end  result  one  desires 
to  extract  from  these  measurements  are  the  optical  and  thermal  emission  cross  sections  for  electrons  and 
holes,  as  well  as  the  concentration  of  levels.  In  general  excited  state,  thresholds  for  transitions 
between  levels,  snd  lntrs-center  transitions  between  levels  are  not  easily  determined  using  the  above 
techniques.  The  presence  of  high  electric  fields  at  the  Junctions  adds  complications  to  t  fie  1  nt  erpr  rt  at  ion 
of  the  data.  In  addition,  thermal  processing  of  the  test  structures  can  introduce  further  defects  Direct 
optical  absorption  measurements  yield  the  quantities  of  interest,  but  at  the  level  of  sensitivity  of  DLTS 
techniques,  on  the  order  of  101 2-101,/cm3 ,  it  is  not  possible  to  emplov  conventional  techniques  Consequently 
consideration  has  been  given  to  optical  modulation  spectroscopies  for  detecting  small  structures  out  of  a 
broad  background.3  A  family  of  derivative  spectroscopy  techniques  has  been  developed  where  the  modulation 
parameter  may  be  the  electric  field,  atreas  temperature,  or  wavelength  of  the  probing  light  beaa  Recently, 
wavelength  modulation  photoresponse  spectroscopies  have  evolved  to  measure  photo-induced  changes  in  voltage.' 
capacitance,3  and  current'  from  which  the  absorption  coefficients  are  inferred  An  examination  of  wavelength 
modulation  photoresponse  spectroscopies  In  contrast  to  direct  wavelength  modulation  sbsorpt  lon/i-ef  lect  ior 
indicates  that  the  latter  is  the  most  suitable  technique  for  studving  deep  levels  since  it  yields  unambiguous 
line  shapes.7 

Ue  have  developed  an  infrared  wavelength  modulated  system  capable  of  measuring  changes  in  absorption 
coefficients  at  levels  of  10"3  cm”1  out  of  a  broad  background  In  the  spectral  range  0  2-20  microns  *  Sin" 
it  is  not  necessary  to  make  electrical  contact  to  the  sample  one  obviates  possible  contamination  bv  thermal 
processing  necessary  for  DLTS  or  photoresponse  techniques.  In  addition,  being  an  optical  technique  there 
are  no  restrictions  on  the  resistivity  of  the  sample.  In  this  report  we  will  discuss  the  use  of  this  svstem 
in  s  matter  of  studies  concerned  with  characterization  of  semlronductors . 

Infrared  wavelength  modulation  svstem 

The  theory  of  operation  of  the  infrared  wavelength  modulation  system.  Its  const  ruct  ior .  arid 
Implementation  has  been  previously  reported  •  For  the  purposes  of  the  present  discussion  we  shall  indicate 
some  general  aspects  of  its  operation  In  one  form  of  this  svstem  we  have  employed  a  Perkin-Elmer  301 
spectrometer  in  a  single  beam  sample-ln  and  saaple-out  scheme  shown  in  Fig  1  The  sample-in  sample-out 
and  spectrometer  wave-ntsaber  positions  are  preset  at  Intervals  bv  stepping  motors,  these  and  the  data 
collecting  system  are  controlled  by  an  on-line  microprocessor  motorola  HfeSOO'  or  a  CAflAC  base  I  POT  11  23 
computer;  s  block  diagram  of  the  control  system  is  shown  in  Fig  2.  The  modulation  of  the  wavelength  is 
accomplished  by  the  sinusoidal  sweeping  the  output  of  the  light  beam  across  the  exit  slit  of  the 
monochromator  by  a  vibrating  mirror,  this  method  of  modulation  is  equallv  good  for  anv  wavelength  and  the 
amplitude  can  be  continuously  varied  up  to  flX/A  -  10~2  The  svstem  emploves  two  lock-in  amplifiers  As 
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atH.wii  in  Figs  ;  and  2,  lock-ln  amplifier  I  measures  tin  intensity  of  the  chopped  radiation  at  frequency  f 
at  a  fixed  wavelength  with  the  samp)e-ln  and  the  sample-out  while  lock-in  amplifer  11,  at  frequency  f  1 

■easurcs  the  derivative  signal  also  with  the  saaple-in  and  sample-out.  appropriate  light  sour-es  filters 
and  detectors  are  employed  for  a  given  spectral  region.  at  the  end  of  ,i  data  taking  cycle  the  energy 
derivative  of  the  absorption  as  well  as  its  integral  are  calculated  bv  a  PDP  11/23  computer  and  the  results 
plotted.  Ttie  constant  of  integration  is  supplied  by  the  direct  Measurement  of  the  absorption  in  a 
convenient  spectral  region 


Derivative  absorption  spectroscopy  of  Gate  Cr 

The  above  infrared  wavelength  Modulated  system  was  employed  In  a  detailed  study  of  the  derivative 
absorption  of  CaAs  Cr  *  Figures  3  and  4  show  the  Integrated  derivative  data  of  seml-lnsulatlng  GaAr  Cr  at 
300  K  with  various  degrees  of  shallow  donor-acceptor  compensat  ions  All  the  samples  were  semi- msulat  nig 
and  contained  -  1016/cm3  Cr.  The  samples  in  Fig  3  were  highly  compensated  while  those  in  Fig  4  we'  e 
slightly  more  p-  or  n-type,  respectively.  The  extensive  fine  structures  with  variation  in  absorption 
coefficient  of  M  -  10'1  to  10”2  cm”1  out  of  a  relatively  smooth  background  absorption  of  1-2  cit."‘  should  fa- 
noted.  Previously  reported  conventional  optical  absorption  measurements  revealed  a  few  plateau-1  ike 
structures,  indicating  that  thev  had  only  observed  the  envelope  of  the  absorption  in  this  region  10  The 
detailed  extensive  fine  structure  observed  can  be  correlated  with  an  energv  level  scheme  of  I Cr 3*-Cr 2* )  ions 
in  GaAs  stiovm  in  Fig  S  and  interpreted  in  terms  of  transitions  from  Cr-;ons  to  the  valence  and  conduction 
bands  and  excited  states.  The  complexity  of  the  spectra  is  due  to  coupling  of  Cr  to  donor  or  acceptor 
complexes,  and  the  subtle  changes  are  due  to  the  degree  of  compensation  and  consequent  position  of  the  Fermi 
level  ir  these  fc ur  semi-insulating  samples.  A  complete  analysis  indicates  that  a  comparable  number  of  Cr 
atoms  arc  at  tetragonal  and  trigonal  sites  and  can  explain  the  rapid  diffusion  of  Cr  in  GaAs . 9 

Semi  -  l  nsulat  l  ng  LEC  GaAs 

An  extensive  studv  was  made  on  semi-insulating  GaAs  grown  bv  the  liquid  encapsulated  Czochralski 
technique  <  LFC  >  These  studios  were  performed  in  the  spectral  region  0  3-1  5  eV  and  the  temperature  range 
80-300  k.  In  these  samples,  we  observed  a  niaaber  of  structures  due  to  C.2.  other  defeats  and  impurities 
Several  fine  --true*  urns  were  observed  which  can  be  interpreted  in  terms  of  intra-renter  transitions  between 
levels  of  impurities  split  bv  the  crvstal  field:  the  data  were  obtained  with  our  derivative  spectrome'er  and 
the  Integrated  results  are  discussed  below. 

Figure  6  shows  the  absorption  of  seml-lnsulat  l  ng  LCC  GaAs  at  300  K  The  threshold  at  1  4  eV  is  the 
onset  of  the  direct  band-to-band  transition,  while  the  threshold  at  10  eV  is  the  onset  of  the  EL2  defect 
The  mall  structure  between  0  3  and  0.5  eV  and  threshold  at  0.5  eV  should  be  noted  The  sens l f  n  : f v  of  our 
measurement  allows  us  to  give  credence  r0  changes  in  absorption  coefficient  -  10~3  cm"1  As  the  temperature 
is  reduced  to  160  k.  we  note  the  emergence  of  structure  shown  In  Fig.  T  on  a  vastly  expanded  scale  When 
the  sample  temperature  is  reduced  to  80  K.  the  structure  with  a  threshold  at  1  0  eV  at  room  temperature 
abrupt  1  v  quenches  when  the  sample  is  illuminated  with  band  gap  light;  see  Fig  8  When  the  sample 
temperature  is  increased  and  the  m->  nsurement  performed  without  band  gap  light  present,  the  FI  2  threshold 
returns  The  met  sst  abi  1  Itv  of  this  level  and  Its  possible  Identification  as  an  anti-site  defect  of  GaAs 
have  been  previouslv  discussed  11 

Figure  n  shows  the  structure  observed  in  Fig  8  on  a  vastly  expanded  scale  possible  bv  thr  precision  of 
our  measurement  Note  should  be  taken  of  the  sharp  structure  at  0  36  -  0  38  eV,  a  broad  peak  at  0  4  eV  . 
structure  between  0  42  -  0  5  eV,  and  the  threshold  at  0  5  eV  Similar  structures  are  observed  i  c  som- 

spectral  region  for  other  undo  pod  LIT  G.vVs  samples,  but  with  changes  in  the  relative  intensities  of  the 
various  structures  The  structures  at  0  36  -  0  38  eV  and  the  threshold  at  0  5  eV  seem  to  he  correlated, 
indicating  they  are  due  to  the  same  level  The  structures  at  0  36  -  0  38  eV  are  verv  similar  to  that  which 

is  observed  for  deliberately  Fe  doped  in  a  number  of  semiconductors.12  and  so  can  be  identified  as  an  intra¬ 
center  transition  of  Fe2*  in  GaAs.  'Estimating  the  oscillator  strength  for  Fe.  our  samples  contain 
-  1016  Fe/cm3  l  The  threshold  at  0  5  eV  whose  intensity  scales  with  this  intra-center  transition 
corresponds  to  the  transition  from  the  valence  bond  t„  r  he  Fe  levels  This  Is  further  subst  ant  l  it  od  bv  the 
fact  that  the  position  of  this  threshold  moves  with  a  temperature  coefficient  similar  to  the  GaAs  band  gap 
a  similar  observation  has  been  made  from  Hall  measurements.13  The  resonant  - 1 1  ke  band  around  0  4  eV  with  its 
possible  fine  structure  seems  to  be  an  intra-center  transition  Phot  o-  i  nduc  ed-t  rans  l  ent  spectroscopy 
'P  I  T  G  i  electrical  measurements  made  on  the  same  samples  as  the  optical  measurements  reveal  Inch  at  0  4 
and  0  8  eV.  the  latter  being  due  to  E1.2  A  level  at  0  4  eV  has  been  reported  in  semi-insulating  GaAs  b'  a 

niMber  of  measurement  s 1  *  which  was  originally  ascribed  to  oxvgen  in  O-doped  GaAs  Reientlv  a  combination  of 
temperature-dependent  Hall-effect  measurements,  spark-source  mass  ipectrosropv,  and  serondarv  ion  mass 
spectrosropv  measurements  have  indicated  that  neither  oxvgen  nor  anv  other  impurltv  can  account  f..r  the  0  4 
eV  level  and  consequently  it  is  probably  due  to  a  pure  defect 

Tfiermal  annealing  and  quenching  experiments  on  a  range  of  1.EG  GaAv  samples  revealed  that  some  of  these 
levels  are  probably  due  to  structure  imperfections  1 3  The  subtle  charges  in  these  levels  could  readily  be 
followed  bv  our  wavelength  modulatin  technique 
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.  The  sensitivity  of  our  system  enables  us  to  study  surface  absorption,  although  the  primary  aim  nf  this 

•  report  is  to  demonstrate  the  power  of  infrared  wavelength  modulation  spertroscopv  as  a  char  act  er  i  zat  ion 

technique  for  bulk  semiconductors ,  we  shall  show  some  examples  of  measurements  on  alkali  halides8  since 
|  recently  a  great  deal  of  material  preparation  studies  have  taken  place  to  improve  these  maenals  for  light 

'  guiding  applications.  First  we  shall  discuss  an  example  of  measurements  on  KBr  which  reveal  Nth  surface 

and  bulk  absorption.  These  clean  alkali  halides  are  potentially  useful  insulators  lr.  H13  structures 
Subsequently  we  describe  some  examples  of  surface  absorption  on  semiconductor. 

The  absorption  spectra  of  a  typical  KBr  crystal  obtained  with  a  conventional  double-beam  spectrometer 
are  stiown  in  Fig.  10.  This  crystal  was  grown  from  material  which  was  selectively  ion  filtered  and  reactive 
gas  treated  for  purification  prior  to  crystal  growth.  As  can  be  seen,  virtually  no  absorption  structure  can 
be  seen  above  the  noise  level  of  the  lnstruswnt,  confirming  the  relative  purity  of  the  sample 

Figure  11a  shows  the  integrated  derivative  spectra  of  the  above  KBr  sample  taken  with  the  sample  in  the 
laboratory  atmosphere.  The  richness  of  the  observed  spectra  should  be  noted  in  contrast  to  the  featureless 
spectral  shown  in  Fig.  10  for  the  same  sample.  The  right-hand  ordinate  in  Fig.  11  indicates  the  absorption 
coefficient  at  3.8  pm  as  inferred  from  a  laser  calorimeter  measurement  with  a  DF  laser;  the  left-hand 
ordinate  Indicates  the  relative  change  of  absorption  obtained  by  integrating  the  wavelength  modulation 

I  derivative  data.  The  depth  of  the  modulation  of  the  monoi  hromator  frequency  used  tn  obtain  thesr  data  was 

10  cm"1.  The  zero  of  the  AX  cm-*  wavelength  modulation  result  is  registered  with  the  absorption  ralihration 

point  of  0.4  «  10"*  cm-*  obtained  by  laser  calorimetry.  Therefore,  to  obtain  the  actual  absorption 
coefficient  at  a  particular  wavelength,  one  merely  adds  or  subtracts  the  appropriate  OX  value  at  a  given 
frequency  to  the  0.4  »  10”8  cm”1  value.  Tms  type  of  representation  of  the  dato  allows  us  to  displav  the 
fine  structure  excursions  in  absorption  above  and  below  the  calorimetric  point.  Successive  runs  on  this 
sample  reveal  that  the  structure  shown  in  Fig.  11  is  reproducible  within  a  mean  deviation  of  OK  -  1C"fc  .m'> 
Consequently,  the  noise  level  Is  at  the  level  of  the  width  of  the  drafting  lines  The  data  points  were 
|  taken  at  S  cm”1  frequency  intervals.  The  sample  thickness  was  4  cm 

When  this  sample  Is  placed  In  a  dry  atmosphere,  a  continuous  change  in  the  spectral  distritutior  cf 
the  absorption  is  observed  until  the  spectra  stabilize  after  the  sample  has  been  in  this  gaseous  ambient  tor 
an  hour  The  dominant  features  of  the  spectra  of  this  sample  when  in  the  laboratory  atmosphere  displaced  in 
Fig  11a  are:  a  band  near  2.S  pm  with  the  fine  structure,  multiple  structure  between  3  to  4  pm  with  fini 
structure,  a  sharp  strong  band  at  4.2  pm,  a  band  at  S  pm,  and  mutliple  structures  between  6  to  12  pm  The 

data  shown  in  Fig.  lib  are  for  this  same  sample  In  a  drv  N  atmosphere.  Although  there  is  a  distinct  hang, 
in  the  spectra  In  Fig  lib  compared  to  Fig  11a.  some  of  the  original  prominent  features  can  still  tv 
|  recognized.  The  sharp  peak  at  4.2  pm  is  greatly  reduced,  and  the  band  at  5  vim  is  gone,  while  some  nf  the 

original  structure  between  5.8  and  12.0  pm  is  still  present,  however,  a  vallev  develops  around  9  pm 
Analvsls  of  the  observed  spectra  has  allowed  us  for  the  lirst  time  to  Identify  volume  and  surface  impurities 
In  highly  pure  KBr  and  other  alkali  halides.8 

Using  our  infrared  wavelength  modulation  system,  we  have  been  able  to  studv  the  growth  of  nature  oxides 
on  freshly  etched  silicon  surfaces  We  esn  easily  detect  the  9  micron  SiO  absorption  band  in  a  :0  A  la\er 
of  silicon  with  a  slgnal-to-nolse  ratio  of  100/1,  Indicating  that  we  have  the  capabilities  of  studying  the 
growth  of  a  fraction  of  a  monolayer  of  adsorbed  species  An  example  of  this  band  is  shown  in  Fig  ‘.2 
lm^dlatelv  after  the  silicon  surface  was  etched  with  HF  Studies  of  oxides  on  GaAs  and  HgCdTe  have  ena^’.-d 
us  to  study  the  formation  of  OH  In  oxides  on  GaAs  as  well  as  the  presence  of  TeO  on  HgCdTe  dire  '  1  va'lcc 
surface  treatments. 


Determination  of  strain  in  layered  semiconduct ors 

In  the  growth  of  semiconductor  layers  bv  various  epitaxial  techniques  such  as  H  B  E  .  L  P  F  .  and 
C.V.D.,  and  the  doping  of  layers  bv  Ion  Implantation  and  other  techniques,  an  important  technological 
problem  is  the  assessment  of  the  homogeneity  of  doping,  allov  composition,  and  strain  in  the  layers  We 

have  used  our  wavelength  techniques  to  determine  shifts  in  various  critical  points  as  a  function  of  doping 
and  strain  in  several  semiconductors 

One  of  the  major  fabrication  processes  used  in  the  fabricate  of  n-tvpe  channel  FFT '  s  on  semiconduct  mg 
GaAs  Is  the  utilization  of  Ion  implantation  The  assessment  of  defects  subsequent  to  implantation  and 
annealing  is  of  prime  Importance,  espetiallv  so  for  shallow  implanted  lavers  -  1000  A  We  have  observed  the 
effects  of  Ion  implantation  bv  the  nondestructive  methods  of  wavelength  modulation  Local  strain  was 
observed  by  measuring  the  shift  of  the  Imaginary  part  of  the  dlelertrir  function  of  GaAs  in  the  neighborhood 
of  the  Ej  and  Ej»6  critical  point  Implants  of  Be,  Sb.  S,  In,  and  double  implanted  Sb  and  Be  were  studied 
the  Implanting  fluxes  were  of  the  order  of  tO'^/cm2,  compared  to  Ion  unlmplanted  GaAs,  positive  and 
negative  shifts  of  the  energy  of  the  critical  point  were  observed,  indicating  that  we  are  able  to 
distinguish  contraction  or  expansion  of  the  lattice 

In  addition,  we  found  that  the  intensity  of  the  imaginary  part  of  the  dlelertrir  function  at  the  F,»A 
critical  point  decreased  as  a  function  of  n-tvpe  doping  These  results  can  be  interpreted  in  terms  of 
screening  of  the  hyperbolic  exclton  associated  with  this  critical  point 
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Difference  wavelength  modulation  spectroscopy  of  oxygen  In  floating-zone  silicon 


The  use  of  infrared  spectroBcopv  to  ldentifv  relative  aaounts  of  oxygen  In  silicon  is  routine.  lf' 

Usually  the  concentration  of  dissolved  oxygen  is  deduced  from  the  infrared  absorption  at  about  9  pm  <1100 
vs*'!.  Tlie  relationship  between  the  intensity  of  this  band  and  the  dissolved  oxygen  has  been  demonstrated 
reliably  in  experiments  by  comparing  the  absorption  in  samples  containing  the  oxygen  isotopes  O’*  and 
01 S  IT  IS 

It  hits  been  shown  that  this  band  is  associated  with  interstitial  oxygen  and  Is  due  to  ar.  infrared-art  iv< 
antisymmetric  type  of  vibration  of  the  Si^O  "molecule  ,M<>  This  model  has  been  questioned  and  It  has  been 
suggested20  that  the  orygen  in  sili-'m  is  in  a  L-nund  state,  forming  fine  second-phase  SlO.  pottlrles  and 
the  absorption  at  9  pm  is  due  to  this  oxvgen.  Attempts  have  been  made  to  explain  the  changes  of  optical  and 
electrical  properties  of  silicon  after  various  heat  treatments  by  the  phase  transitions  of  these  second- 
phase  particles  of  SlO^.20  Other  workers  showed  that  absorption  spectra  of  silicon  samples  around  9  pm  with 
relatively  low  oxygen  concentrat ion  have  a  complex  structure.  They  observed  a  peak  at  1128  cm'1,  and 
another  peak  at  1195  cm'*,  and  they  attributed  these  peaks  to  dissolved  oxygen  in  the  lattice  and  in  t  he 
second-phase  SiO^  particles,  respectively.  Thev  suggested  that  other  electrically  inactive  states  of  oxvgen 
In  silicon  might  exist,  and  there  might  be  a  threshold  oxygen  concentration  which  Is  necessary  for  any 
significant  formation  of  SiO*  complexes  to  occur. 

Hearlv  all  previous  optical  studies  cf  oxvgen  in  silicon  were  performed  on  silicon  samples  grown  bv  the 
Czochralski  method,  which  presumably  have  oxvgen  contents  in  the  range  of  lO17-!©10  atoms/cm3.  Practically 
no  information  is  available  on  the  state  of  oxvgen  in  flnat-zone  grown  silicon.  The  reason  for  this  we 
believe.  Is  that  float-zone  grown  silicon  has  low  oxvgen  content  10'*  atoms/'em3*,  and  the  dotertlnr.  limit 
of  conventional  differential  absorption  methods  is  -  1  *  1016  atoms/c*3  Oxvgen  concentration  in  the  range 
of  -  1016  atnms/rm3  contributes  -  0  5  cm'1  to  the  absorption  coefficient  at  atxnit  9  pm.  In  addition,  t  he 
intrinsic  lattice  band  of  silicon  contributes  -  0  8  c»"'  to  the  absorption  coefficient  at  about  9  pm  This 
fact  clearly  indicates  the  difficulty  of  the  study  of  the  samples  with  low  oxvgen  content 

Hut  wi  believe  that  the  mechanism  of  oxygen  complex  formation  and  thermal  donors  can  be  understood 
better  if  we  ai  understand  how  the  oxvgen  complex  formation  is  initiated  for  low  oxvgen  content  In  this 
spirit,  we  initiated  the  studv  nf  oxvgen  in  silicon  with  low  oxygen  content  <<  10'3  atoms/cm3'  using  an 
infrared  difference  wavelength  modulation  technique.  Several  float-zone  grown  silicon  samples  were  studied 
all  with  oxvgrn  content  below  the  detection  limit  of  conventional  methods  -  1  »  lO1*  atoms/ cm3  Heasurements 
were  made  on  different  sections  of  the  same  ingot,  that  is,  the  seed-end  and  the  tail-end  of  the  dimensions 

-  2  cm  in  diameter  and  t  cm  in  thickness. 

Our  infrared  wavelength  modulation  technique32  was  employed  to  studv  the  9  pm  absorption  band  of  these 
samples  ar  room  temperature.  To  eliminate  the  absorption  due  to  the  intrinsic  lattice  vibration  of  ii.,  ■ 

>nd  surf  ice  effects,  we  used  a  sample-ln  and  sample-out  procedure,  which  enables  a  comparison  of  the 
derivative  of  the  absorption  of  a  sample  with  a  reference  sample  With  this  procedure,  the  derivative 
spectrum  of  t  hr  difference  of  the  absorption  between  a  sample  and  the  reference  rrvstal  is  obtained  a 
conventional  spec t rophot oae' er  run  of  the  reference  crystal,  which  is  a  seed-end  of  another  float-zone 
silicon,  showed  just  a  trace  of  oxvgen  at  9  pm;  that  is.  at  9  pm  the  oxvgen  contributes  appn  r  ia,at  •  l  “ 

■  ' 1  to  the  absorption  coefficient.  From  chls  we  can  approximate  the  oxvgen  content  of  reference  rrvv!»',  'e 
be  -  10*1  atoms/cm3  The  detector  used  in  this  studv  was  PbSnTe  at  liquid  nitrogen  temperature 

The  Integrated  results  of  tfiese  derivative  spectra  of  the  difference  for  a  series  of  samples  are  shown 
in  Figs  13,  19.  15.  and  18  The  figures  show  the  relative  variations  of  absorption  of  samples  with  r'liw  t 
to  the  reference  crystal  Therefore,  the  positivt  side  of  t  fit  absorption  of  the  sample  in  t  lie  figures  means 
more  absorption  and  negative  side  of  the  absorption  means  less  absorption  than  the  reference  crystal  at  the 
appropriate  wavenumbers.  In  all  the  figures,  the  upper  drawing  is  the  experimental  result  of  the  seed-end 
and  the  lower  one  is  the  result  of  the  tail-end  of  the  same  ingot  with  reapect  to  the  reference  crvstal  with 

-  10*5  oxvgen  itoms/ca3 

In  this  studv.  it  should  be  noted  that  since  we  are  taking  the  derivative  of  the  difference  of 
absorption  at  appropriate  frequencies  between  sample  and  the  reference  crvstal.  the  shift  or  the  different 
width  of  the  bands  of  the  crystals  represent  changes  relative  to  the  reference  rrvstal  Consequently,  it  is 
interesting  to  note  thmt  because  of  the  sensitivity  of  the  difference  derivative  technique  <  Ak  -  10'3  cm'1  . 
the  subtle  spectra  changes  introduced  bv  various  heat  t  re  it  merit  s  ran  be  studied  bv  comparing  it  with  the 
reference  even  though  the  change  of  spectral  distribution  caused  bv  heat  treatmen  on  the  sample  bv  itself 
it  difficult  to  determine' 

In  Fig  13,  we  note  that  a  band  emerges  at  1123  cm'1  <8  0  urn'  In  the  tail-end  i  lower  figure'  It  is  n.i 
clear  exart lv  what  complex  is  responsible  for  this  band  We  can  (lea'lv  see  a  shoulder  at  1108  cm'1  0  urn 
in  the  tail-end  i  lower  figurei  which  appears  to  be  5  *  r'#*u*1*  nn  two  different  inguis  are  show 

Figs.  19  and  15  and  we  can  see  about  the  same  level  *  absorption  due  to  Si,0  at  1108  cm"1  in  both  parts  of 
the  same  Ingot  However,  we  can  lamedlatelv  note  that  the  spectral  distribution  changes  even  within  f  tie 
same  ingot  depending  on  which  part  of  the  ingot  the  sample  is  taken  from  This  is  not  unreasonable  t!  w< 
consider  the  fact  that  the  cryatalt  are  float-zone  samples  and  the  sensitivity  of  our  svstem 
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As  shown  In  all  of  the  figures,  »t  low  oxygen  content  the  Infrared  absorption  mechanism  In  the  9  pm 
region  is  complicated.  This  indicates  the  existence  of  oxygen  In  different  energy  states.  This  is 
understandable  If  we  keep  In  mind  the  fact  that,  although  oxygen  Is  Interstitial  In  the  sense  that  It  does 
not  occupy  a  lattice  site,  it  can  occupy  slightly  different  positions  of  varying  energy.23  During  growth, 

oxygen  atoms  are  randomly  trapped  In  the  silicon  lattice,  and  at  room  temperature  thermal  agitation  permits 

the  oxygen  atom  to  occupy  a  number  of  slightly  different  configurations  of  varying  energy. 

In  Fig.  16  the  absorption  Is  stronger  than  the  previous  samples;  it  appears  that  If  the  oxygen  content 
exceeds  a  certain  value  -  1016  atoms/co3,  the  absorption  mechanism  at  1108  cm-1  dominates.  This  band  at 
1108  cm*1  we  attribute  to  the  form  of  freely  dissolved  Sl^O  "quasimolecule."  In  the  above  figure  we  can 
also  note  a  band  at  1048  cm*1  <9.5  pm)  m  both  seed  and  tail-ends;  this  band  might  be  related  to  still 
another  complex  which  can  be  formed  If  the  oxygen  content  reaches  a  certain  value  (-  1016  atoms/cm3). 

In  concluding,  we  summarize  our  results: 

1)  Even  though  the  use  of  float-zone  silicon  as  an  oxygen  free  reference  Is  a  common  practice,  our 

results  show  the  float-zone  silicon  also  contains  oxygen. 

2>  The  state  of  oxygen  In  silicon  Is  In  the  form  of  complexes. 

3)  If  the  oxygen  concentration  exceeds  a  certain  value,  the  oxygen  in  Sl^O  "quasimolecule"  starts 
dominating  the  Infrared  absorption  mechanism  at  about  9  pa. 

4)  Different  parts  of  the  same  Ingot  of  float-zone  grown  silicon  have  different  oxygen  content  which  Is 
responsible  for  Infrared  absorption  around  9  pm. 


S)  Our  wavelength  modulation  system  can  detect  the  variation  In  the  absorption  coefficient  of 
-  10~6  cm”1.  If  we  approximate  the  scattering  cross  section  of  oxygen  responsible  for  absorption  at  9  pm  to 
be  -  10-18  cm2,  we  have  the  capability  of  detecting  oxygen  at  levels  of  -  1012  atoms/cm3! 


In  this  paper  we  have  shown  that  Infrared  wavelength  modulation  Is  a  sensitive  and  versatile 
spectroscopic  characterization  technique  for  a  variety  of  semiconductor  technology  problems.  In  particular 
the  results  of  a  study  of  deep  levels  in  seml-insulatlng  GaAs,  surface  layers  in  Si,  GaAs ,  and  HgCdTe, 
oxygen  complexes  In  floating-zone  Si,  as  well  as  the  determination  of  strain  In  ion  implanted  layers  were 
presented. 
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Figure  1.  Block  diagram  of  the  Infrared  wavelength  Modulated  system. 


Figure  2.  Block  diagram  of  control  aystem  for  dota-taklng  cycle. 
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Figure  7.  Wavelength  wodulation  absorption  spectra 
of  LEC-GnAs  at  160  K. 


Figure  8.  Wavelength  wodulation  absorption  spectra 
of  LEC-GaAs  at  80  K  with  E1.2  photo- 
quenched. 


Figure  10.  Absorption  spectruw  of  a  typical  KFr 
sample  obt  auied  by  a  conventional 
double-beaw  lnstruwent. 
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Figure  11.  Wavelength  wodulation  absorption  spectra 
of  KBr ;  &K  is  the  change  in  the  absorp¬ 
tion  coefficient  In  coT*;  la)  in  the 
laboratory  atmosphere;  (b)  in  a  dry 
atwosphere . 


Figure  9.  Wavelength  wodulation  absorption  spectra 
of  LEC-GaAs  at  80  K  on  a  vastly  expanded 
scale  cowpared  to  Fig.  8. 
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Figure  12.  Wavelength  Modulation  absorption  spectra 
of  a  10  A  oxide  layer  of  Si. 
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Figure  13. 


J  79I502S  w  ret 


791601 S  w  ref 


791 501 S  w  ref 


791601 T  «.  ref 


791501T.S.  '*f 


791502T  vs. ref 


Figure  14. 


Figure  IS. 


Figure  16. 


Figures  13,  14,  IS,  16.  The  relative  optical  absorption  of  the  seed  (top  curve)  and  tail-end  (bottosi  curve) 
of  791602,  791601,  791501,  and  791S02,  respectively,  float-zone  Si  Ingots  with  respect  to  a  Si 
reference  containing  -  10t5  oxygen  atoas/ca3. 
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Reexamination  of  the  wavelength  modulation  photoresponse  spectroscopies  showed  that  the  line 
shapes  obtained  by  these  methods  are  subject  to  distortions  from  several  sources  of  spurious 
interference  spectra.  A  comparison  is  made  between  the  wavelength  modulation  absorption/ 
reflection  and  the  wavelength  modulation  photoresponse  spectroscopies;  it  is  concluded  that  the 
former  are  the  most  suitable  modulation  techniques  for  studies  requiring  unambiguous  line 
shapes. 


I.  INTRODUCTION 


Optical  modulation  spectroscopy  has  been  extensively 
used  in  the  past  to  study  the  optical  absorption  and  reflection 
of  materials. 1-3  Being  a  derivative  technique  in  nature,  it  is 
far  more  sensitive  than  conventional  spectroscopic  methods 
for  detecting  small  structures  out  of  a  broad  background. 
Various  modulation  parameters  such  as  applied  electric 
field,  stress,  temperature,  and  wavelength  of  the  probing 
light  beam  have  been  combined  with  absorption  and  reflec¬ 
tion  spectroscopy  to  form  a  whole  family  of  derivative  spec¬ 
troscopy  techniques.  More  recently,  other  derivative  tech¬ 
niques  combining  the  wavelength  modulation  and  the 
photoresponse  (photoinduced  changes  in  voltage,4  capaci¬ 
tance,3  and  current6)  spectroscopies  have  been  introduced  as 
a  new  approach  to  the  study  of  absorption  in  semiconduc¬ 
tors. 

In  this  paper  we  present  a  reexamination  of  the  wave¬ 
length  modulation  photoresponse  spectroscopies  in  general. 
Some  of  the  limitations  of  these  techniques,  as  well  as  the 
necessary  precautions  in  interpreting  the  experimental  re¬ 
sults,  are  discussed.  A  comparison  is  made  between  wave¬ 
length  modulation  absorption/reflection  and  wavelength 
modulation  photoresponse  spectroscopies. 

For  wavelength  modulation  photoresponse  measure¬ 
ments,  samples  are  prepared  in  the  form  of  a  p-n  junction,6  a 
metal-insulator  semiconductor  (MIS),4  or  a  Schottky  bar¬ 
rier3  with  semitransparent  electrodes.  The  changes  in  the 
photoresponse  induced  in  the  space-charge  region,  by  wave¬ 
length  modulation  of  the  incident  light  beam,  are  measured 
using  a  phase-locked  amplifier  synchronous  with  the  wave¬ 
length  modulator.  The  derivative  photoresponse  spectrum 
thus  obtained  has  been  interpreted  as  being  proportional  to 
the  derivative  of  the  absorption  coefficient,  and  thus  to  the 
derivative  of  the  photoionization  cross  section.4  In  particu¬ 
lar,  for  the  transitions  involving  photoionization  of  the  deep 
levels,  the  derivative  surface  photovoitage  (DSPV)  is  given 
by3 

— —  =  —  V I0  A - — - ,  (1) 

dA  ND  -  NA  dA 

where  V,  is  the  surface  photovoitage,  l0  is  the  incident  pho¬ 
ton  flux,  n,  is  the  concentration  of  the  occupied  traps  being 
probed,  and  jVd  —  NA  is  the  net  doping  concentration.  The 


constant  A  depends  on  the  thermal  generation  and  recom¬ 
bination  of  the  traps,  and  cr  is  the  photoionization  cross  sec¬ 
tion. 

Wavelength  modulation  reflection  and  transmission 
spectroscopies  have  a  serious  experimental  difficulty  be¬ 
cause  the  spectra  contain  substantial  spurious  structures 
originating  from  the  derivative  of  the  background  spectra 
which  must  be  properly  removed  in  order  to  obtain  the  true 
spectra  of  the  sample  itself.  The  structures  in  the  back¬ 
ground  spectrum  are  due  to  the  spectral  dependence  of  the 
light  source  intensity,  various  optical  components  of  the  ex¬ 
perimental  system,  and  the  atmospheric  absorption,  espe¬ 
cially  in  the  infrared  region  of  the  spectra.  These  structures 
have  been  successfully  removed  by  various  ingenious  meth¬ 
ods  of  background  derivative  subtractions/  including  dou¬ 
ble-beam  single  detector7  and  single  beam  sample-in  sample- 
out  techniques. '  However,  the  question  of  the  effect  of  the 
background  spectra  on  the  derivative  photoresponse  results 
has  not  been  addressed  in  the  previous  theoretical  and  ex¬ 
perimental  works  on  this  subject. 

To  investigate  the  possible  effects  of  the  background 
spectra,  a  preliminary  derivative  surface  photovoitage 
(DSPV)  experiment  was  conducted  on  a  silicon  sample  pre¬ 
pared  in  the  form  of  a  semitransparent  MOS  structure,  and 
the  result  was  compared  with  the  derivative  of  the  incident 
photon  flux  spectrum.  Similarities  between  changes  in  the 
structures  observed  in  both  spectra  were  taken  as  an  indica¬ 
tion  of  possible  superposition  of  the  derivative  of  the  back¬ 
ground  spectra  on  the  DSPV  spectra,  and  prompted  us  to  re¬ 
examine  the  theory  of  the  wavelength  modulation  surface 
photovoitage  spectroscopy. 

The  result  of  our  investigation  showed  that  the  propor¬ 
tionality  relationship  [Eq.  (1)]  between  the  DSPV  and  the 
derivative  of  the  absorption  coefficient  is  not  valid  in  general. 
The  DSPV  spectra  are  rather  a  superposition  of  several 
terms,  which  includes  the  derivative  of  the  background  spec¬ 
tra,  as  well  as  the  optical  properties  of  the  materials  which 
are  used  to  construct  the  MOS  structure;  these  additional 
terms  are  the  various  sources  of  distortions  depending  on  the 
spectral  region  under  investigation.  The  following  discus¬ 
sion  is  focused  primarily  on  the  wavelength  modulation  sur¬ 
face  photovoitage.  The  analysis,  however,  applies  equally  to 
other  modulation  photoresponse  spectroscopies,  as  well 
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II.  EXPERIMENTAL  RESULTS 

The  derivative  surface  photovoltage  measurements 
were  performed  on  fl-type  silicon  (100)  substrates  utilizing 
MOS  structures.  The  experimental  system  used  is  described 
elsewhere.*  The  MOS  structures  were  made  by  evaporating  a 
400  A  semitransparent  gold  electrode  on  an  oxide  layer 
( 1000  A  thick)  grown  on  silicon  by  a  standard  dry  oxidation 
technique.’ 

Typical  sub-band-gap  derivative  surface  photovoltage 
spectra  (dV,/dE)  obtained  at  83  K  are  shown  in  Figs.  1(a) 
and  2(a).  To  obtain  a  good  signal-to-noise  ratio  it  was  neces¬ 
sary  to  keep  the  modulation  amplitude  and  the  spectral  slit 
width  of  the  monochromator  fairly  large  (A  A  /A~  10~2 
when  using  a  Golay  detector).  The  derivatives  of  the  incident 
photon  spectra  of  a  tungsten  iodide  source  for  the  same  in¬ 
strument  and  spectral  region  with  comparable  amplitude  of 
modulation  were  obtained  using  a  PbS  detector.  These  are 
shown  for  comparison  in  Figs.  1(b)  and  2(b).  With  the  sensi¬ 
tivity  of  the  PbS  detector  a  much  better  resolution  (A  A  / 
A  —  2  X  10“ 3)  is  also  possible,  as  shown  in  Fig.  3. 

The  dominant  structure  in  Fig.  1(a)  is  due  to  the  inter¬ 
band  transition  near  the  indirect  band  gap  of  silicon  with  the 
emission  and  absorption  of  phonons.  It  is  similar  to  other 
reported  DSPV  results. 10  The  smaller  structures,  below  1.15 
eV,  may  in  principle  be  associated  with  the  multiphonon 
absorption.  However,  they  can  also  be  considered  to  be  a 
manifestation  of  similar  structures  in  the  derivative  of  the 
background  spectra  dlf/dE,  shown  in  Fig  1  (b).  Comparison 
of  Figs.  2(a)  and  2(b)  also  suggests  a  strong  correlation 
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FIG.  2.  lai  The  derivative  surface  photovoltage  spectra  of  silicon  \  T  =  83 
Kl;  |b|  the  denvativeof  the  background  spectra  in  the  spectral  range  ofO  6- 
1.0  eV,  amplitude  of  modulation  lA/l  /A  I  =  10' 
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FIG.  1.  la)  The  derivative  surface  photovoltage  spectra  of  silicon  |7"  =  83 
K);  (b|  the  derivation  of  the  background  spectra  in  the  spectral  range  of  1 .0- 
1.35  eV;  amplitude  of  modulation  (A/t  /A  )  =  10" 2 


between  the  structures  in  the  DSPV  and  the  derivative  of  the 
background  spectra  near  0.65  and  0  9  eV  In  fact,  signatures 
of  the  derivative  of  the  background  spectra  are  quite  com¬ 
monly  observed  in  the  wavelength  modulated  spectra  of  the 
reflected  and  transmitted  light  beam,  as  predicted  by  the 
theory  of  the  corresponding  wavelength  modulation  spec¬ 
troscopy.  These  can  be  corrected  for  by  subtraction  of  the 
experimentally  determined  background.7  In  contrast,  the 
theory  of  the  DSPV,  as  formulated  in  Eq.  ( 1 ),  is  not  consis- 


F1G,  3.  Derivative  of  the  background  spectra  in  the  spectral  range  of  0  Tty- 
1.0  eV  using  a  tungsten  source,  amplitude  of  modulation  lA/i  /A  \ 
=  2x10'’. 
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tent  with  the  above  observation.  In  the  next  section  we  pres¬ 
ent  our  analysis  of  the  theory  of  the  DSPV  spectroscopy, 
which  shows  that  the  DSPV  spectra  can  contain  signatures 
of  the  derivative  of  the  background  spectra,  as  well  as  other 
possible  sources  of  distortions  in  the  various  regions  of  spec¬ 
tra. 


III.  DERIVATIVE  OF  SURFACE  PHOTOVOLTAGE  (DSPV) 

The  theory  of  surface  photovoltage  has  been  treated  by  a 
number  of  authors."  For  the  purpose  of  this  study,  the 
changes  in  the  surface  potential  of  a  semiconductor,  Vs,  in¬ 
duced  by  the  light  of  intensity  I0  and  wavelength  A  may  be 
written,  for  small  signals  (surface  photovoltage  <  surface 
potential  I,  in  the  form" 

K{A  |  =/(A  ]au  \F{A  1,  (2) 

where 

F  =  F\L0,a,TrE/-,Td 

xE,,n,,a^  ,<r  ,ep,S). 

F  is  a  complicated  function  of  diffusion  length  Lq,  ab¬ 
sorption  coefficient  a,  temperature  T,  Fermi  energy  Ef,  bulk 
earner  lifetime  for  electrons,  holes,  and  concentrations  r4, 
nb,p„,  respectively,  deep  levels  energy  ^.concentration  n,, 
photoioruzation  cross  sections  and  for  electrons 
and  holes,  respectively,  and  their  thermal  emission  rates  em 
and  ep,  in  the  semiconductor,  as  well  as  the  effective  surface 
recombination  velocity  S  The  exact  functional  dependence 
of  F  on  these  parameters  is  not  needed  for  our  discussion; 
however,  it  is  rather  important  to  note  its  implicit  wave¬ 
length  dependence  through  a\A  )  <7^h  (A  ),  and  a  £h  (/*  ).  /  [A  )  is 
the  actual  photon  flux  entering  the  space-charge  region  of 
the  semiconductor.  Quite  often  in  the  past,  I0[A  ),  which  is  the 
incident  photon  flux  illuminating  the  MOS  structure,  has 
been  used  instead  of  I  {A  );  thus,  ignoring  the  spectral  depen¬ 
dence  of  the  transmittance  through  the  metal  and  the  insu¬ 
lating  layers  of  the  structure,  I  [A  )  and  I0{A  j  are  related  by 

IU)  =  IM)T{A).  (3) 

In  essence,  the  wavelength  dependence  of  TU  )  is  due  to  the 
spectral  dependence  of  the  absorption  coefficient  of  the  light 
in  the  metal  and  insulator  layers,  the  reflection  coefficients  at 
the  interfaces,  and  the  interference  pattern  due  to  the  inter¬ 
nal  multiple  reflections  from  the  interfaces. 

Combining  Eqs.  (2)  and  (3)  we  have 

V,  =  UA  )T[A  }aU  1 F{A  ),  (4) 

which  forms  the  basis  of  our  analysis  of  the  wavelength  mo¬ 
dulation  surface  photovoltage. 

If  the  wavelength  of  the  incident  light  beam  is  modulat¬ 
ed  as 

A  —  A0  +  A  A  cos  cot,  (5) 

where  A  A  and  co  are  the  amplitude  and  the  frequency  of 
modulation,  respectively,  then  the  surface  photovoltage 
V,[A )  becomes  a  periodic  function  of  time,  V, 
W0  ■+•  A  A  cos  cot ).  For  small  A  A,  the  derivative  of  the  modu¬ 
lated  surface  photovoltage  is  given  by 


—  =  h\A  )T[A  IFIA  I  ^£!d_!  f  riA  I FiA  )aut  I  ^ 
cLA  dA  dA 

+  I0(A\F[A  HU) 

dA 

+  I0[A.  )T[A  ]F[A  )  .  (6) 

dA 

It  must  be  added  that,  in  order  to  incorporate  the  response  of 
the  system  to  a  time  varying  incident  light  intensity,  the 
above  equation  must  be  multiplied  by  a  frequency  response 
function  G{co).n  However,  since  this  factor  is  to  first -order 
independence  of  the  wavelength,  it  is  treated  here  as  a  con¬ 
stant  of  proportionality. 

In  contrast  to  Eq.  ( 1 ),  Eq.  (6)  shows  that  the  DSPV  signal 
is  not,  in  general,  proportional  to  da/dA,  and  therefore  its 
various  terms  introduce  different  degrees  of  distortion  which 
depend  on  the  relative  size  of  their  spectral  changes  in  the 
spectral  region  of  interest.  The  most  notorious  source  of  the 
distortion  is  the  spectral  changes  of  I0{A  ),  the  background. 
The  distortion  introduced  by  I0  is  present  in  all  four  terms  of 
Eq.  (6),  but  its  effect  is  most  dramatic  in  the  second  term, 
which  contains  dl^cLA.  This  term  affects  the  DSPV  spectra 
in  the  near  infrared  region  of  spectra  which  corresponds  to 
the  sub-band-gap  transitions  in  some  semiconductors  (e  g., 
Si,  GaAs),  as  well  as  in  the  ultraviolet  region  of  the  spectra 
where  the  interband  transitions  occur. 


IV.  DISCUSSION:  COMPARISON  OF  WAVELENGTH 
MODERATION  PHOTORESPONSE  AND  WAVELENGTH 
MODULATION  ABSORPTION/REFLECTION 
SPECTROSCOPIES 

The  structure  in  the  spectra  of  the  transmittance  T \A  ) 
and  its  derivative  dT /dA  are  caused  by  the  spectral  changes 
of  the  optical  constants  in  the  metal  and  the  insulating  lay¬ 
ers,  and  the  reflection  coefficient  of  the  semiconductor,  as 
well  as  the  interference  patterns  generated  because  of  the 
interfaces.  In  the  present  MOS  structure  the  optical  proper¬ 
ties  of  Au,  Si02,  and  Si  have  to  be  considered.  These  factors 
are  separately  discussed  below: 

(at  The  spectral  changes  of  the  reflectivity  of  gold  R  {A  ), 
as  well  as  its  logarithmic  derivative  dR  /dA  occur  in  the  2.0- 
5.0  eV  region  of  the  spectra  and  are  primarily  due  to  the  d 
band  in  Fermi-level  transitions.13  Structure  in  the  spectrum 
of  the  derivative  of  its  transmission  coefficient  in  the  2.0-3. 5 
eV  region,  have  also  been  observed. 

(b)  The  optical  constants  of  the  insulating  layer  (SiO:| 
are  fairly  smooth  in  the  0.5-4. 5  eV  region  of  the  spectrum, 15 
and  therefore  are  not  expected  to  influence  the  line  shapes  of 
the  interband  transitions. 

(c)  The  spectral  changes  caused  by  the  interference  pat¬ 
tern  depend  on  the  thickness  of  the  layers,  their  mder.  of 
refraction,  and  the  spectral  region  of  interest.  Optical  inter¬ 
ference  patterns  have  been  studied  for  the  MIS  structures 
with  various  thicknesses  of  Au  and  SiO:  layers  on  silicon 
substrates. 16  The  signatures  of  such  interference  patterns 
have  also  been  observed  in  the  surface  photovoltage  spec¬ 
tra.17 
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Id)  Finally,  the  spectral  changes  in  the  R  \X  i  and  dR  /dX 
of  the  Si  substrate  contribute  significantly  to  the  spectra  of 
T[X  land dT /dX,  and  hence  to  the  DSFV  spectra.  The  reflec¬ 
tivity  of  Si  and  its  logarithmic  derivative  obtained  by  the 
wavelength  modulation  reflectance  spectroscopy  has  been 
reported.'8” 

It  is  therefore  clear  that  the  spectra  of  T[X  I  and  dT  /dX 
contain  substantial  structures  that  could  significantly 
change  the  line  shapes  of  the  absorption  obtained  from  the 
wavelength  modulation  surface  photovoltage,  as  well  as  oth¬ 
er  forms  of  wavelength  modulation  photoresponse  spectros¬ 
copies. 

In  contrast  to  the  wavelength  modulation  absorption/ 
reflection  spectroscopy,  removal  of  the  background  nterfer- 
ences  I0[X  j  and  dl^/dX  from  the  DSPV  spectra  is  '  ery  diffi¬ 
cult.  To  date,  no  systematic  method  for  its  subtraction  has 
been  suggested.  We  suggest  a  technique  utilizing  a  double¬ 
beam  system  in  combination  with  a  reference  optical  detec¬ 
tor  and  feedback  loops  to  suppress  the  spectral  changes  of 
I0(X  l  and  dlo/dX . 

For  this  purpose,  the  light  beam  from  the  exit  slit  of  the 
monochromator  in  DSPV  spectrometer  needs  to  be  split  by  a 
beam  splitter.  Both  beams  can  therefore  be  wavelength  mod¬ 
ulated  at  frequency  a>2  One  of  the  beams  can  be  used  to 
illuminate  the  DSPV  sample,  while  the  other  beam  can  be 
chopped  at  frequency  u> ,  and  then  incident  upon  an  optical 
detector.  The  output  of  the  detector  is  fed  into  two  lock-in 
amplifiers.  One  of  the  lock-in  amplifiers  (II  is  tuned  to  to 
measure  the  light  intensity,  and  the  other  one  is  tuned  to  cj2 
to  measure  dlJdX.  Except  for  the  beam  splitter  and  the 
DSPV  sample,  this  is  similar  to  the  infrared  wavelength  mo¬ 
dulation  spectrometer  described  elsewhere. 1  The  output  of 
the  lock-in  amplifier  (I)  can  be  used  in  a  negative  feedback 
loop  to  regulate  the  power  supply  of  the  light  source.  This 
arrangement  will  keep  the  light  intensity  constant  as  the 
wavelength  is  scanned.  The  output  of  the  lock-in  amplifier 
i  II I  can  be  used  in  another  negative  feedback  loop  to  regulate 
an  intensity  modulator  to  keep  dl^/dX  equal  to  zero.  The 
intensity  modulator  can  be  placed  anywhere  in  the  light  path 
before  the  beam  splitter.  Its  modulator  frequency  should  be 
the  same  as  the  wavelength  modulator,  and  its  amplitude  can 
be  controlled  by  the  negative  feedback  loop  from  the  lock-in 
amplifier  ill).  One  such  intensity  modulator  has  been  used  in 
a  wavelength  modulation  reflectance  spectrometer  for  the 
same  purpose. 19  The  two  feedback  loop  systems  eliminate 
dlr/dX  and  the  spectral  changes  of  the  background  7()|/t  )  to 
the  extent  that  it  is  smooth  in  the  spectra  region  of  interest. 
This  is  not  possible  in  the  absolute  sense  nor  over  the  entire 
region  of  the  spectrum.  However,  what  is  needed  in  practice, 
is  to  have  detectors  whose  spectral  responsivity  are  flat  and 
smooth  compared  to  the  line  shapes  of  the  optical  transitions 
under  investigation. 

In  comparing  the  wavelength  modulation  techniques, 
the  wavelength  modulation  absorption/reflection  (WMA/ 
Rl  spectroscopy  has  several  advantages  over  the  wavelength 
modulation  photoresponse  |WMPR).  The  WMA/R  method 
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yields  unambiguous  line  shapes  for  the  optical  transitions, 
which  are  therefore  easier  to  interpret.  In  WMA/R,  the  only 
source  of  spunous  signals  is  the  background  spectrum  which 
can  be  completely  removed  in  a  systematic  way,  independent 
of  the  spectral  responsivity  of  the  detector  Finally,  the 
WMA/R  is  a  nondestructive  method  which  can  be  applied 
directly  to  the  bulk  of  the  materials.  In  contrast,  the  WMPR 
measurements  often  require  fabrication  of  devices  in  the 
form  of  MIS.  p-n  junction,  or  Schottky  barriers  which  could 
result  in  the  introduction  of  process  related  impurities  or 
defects  into  the  samples,  as  well  as  the  necessity  of  apply  ing 
corrections  for  the  optical  properties  of  the  materials  used 
for  fabricating  the  structures. 

V.  CONCLUSIONS 

We  have  shown  that  contrary  to  the  previous  assump¬ 
tions,  the  DSPV  in  general  is  not  proportional  to  the  deriva¬ 
tive  of  the  absorption  coefficient.  A  general  formulation  of 
the  DSPV  was  derived  which  revealed  the  various  possible 
sources  of  spunous  interference  spectra.  The  effects  of  these 
interferences  on  the  line  shapes  of  optical  transitions  were 
studied.  A  practical  method  for  removal  of  the  main  source 
of  the  distortions,  i.e.,  the  background,  was  suggested 
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Fig  3.  Calculated  canv  coocentrsoon  and  mobility  from  fit  to  far-in¬ 
frared  reflectivity  m. amplitude  and  frequency,  for  epitaxial  layer  at 
77  K,  with  x  —  OJ  and  ttor-knrai  1 3  iitc 

Comparisons  of  the  resistivities,  carrier  concentrations, 
and  mobilities  obtained  by  modeling  the  full  far-infrared  re¬ 
flectance  spectra  and  by  Hall-effect  analyses  are  shown  in 
Figs.  2,  3,  and  4.  The  resistivity  values  agree  within  a  factor 
of  2,  while  the  carrier  concentration  and  mobility  data  show 
different  systematic  displacements  at  room  temperature  and 
at  77  K,  causing  an  increased  data  scatter.  The  use  of  more 
accurate  temperature-dependent  values  of  effective  mass  is 
expected  to  bring  all  of  the  far-infrared  data  to  within  a  fac¬ 
tor  of  2  of  Hall-effect  values. 

A  simpler  and  faster  method  for  determining  the  resistiv¬ 
ity,  carrier  concentration,  and  mobility  is  to  determine  the 
position  and  amplitude  of  the  reflectivity  minimum  between 
the  free-carrier  region  and  the  HgTe-like  vibrational  mode. 
This  type  of  analysis  has  been  reported  for  GaAs'  and 
CdTe.2  The  minimum  occurs  at  the  frequency  w  _ ,  the  lower 
coupled  plasmon-phonon  mode.  If  the  mobility  /a  is  large, 
this  is  given  by 

—  (<u2  +  (J1,) 

-  [(«J -<u?)J+4«uJ<u?( l -«./*, I]*'1.  (5) 

where  a>,  is  the  dominant  HgTe-like  longitudinal  optical  lat¬ 
tice  frequency  {<u,  •=  (e./f.  )'/J<u,}  and  (m  and  e,  are  the 
high-frequency  and  static  dielectric  constants,  respectively. 
Parametric  curves  relating  the  carrier  concentration  and 
mobility  to  the  frequency  and  reflectivity  amplitude  at  the 
minimum  have  been  calculated.  An  example  for  n-type 
HgCdTe  with  x  =  0.2  at  77  K  is  shown  in  Fig.  5.  Resistivi¬ 
ties,  carrier  concentrations,  and  mobilities  estimated  in  this 
way  are  shown  for  room-temperature  data  in  Figs.  2,  3,  and 
4.  While  good  results  are  shown  in  the  figures,  the  accuracy 
of  this  reflectivity-minimum  analysis  is  lower  for  p-type  ma¬ 
terial  than  for  n-type.  Furthermore,  multilayer  structures, 
such  as  those  having  an  n-type  skin  on  ap-type  base,  or  layers 
with  mixed  conduction  ( as  occurs  in  an  intrinsic  sample ) ,  do 
not  exhibit  a  well-defined  minimum.  Other  structures  in  the 
reflectance  data  can  also  interfere  with  the  determination  of 
the  location  of  the  minimum,  as  is  shown  in  Fig.  1.  When  a 
distinct  minimum  can  be  seen,  the  analysis  is  quick  and  rea¬ 
sonably  accurate. 


III.  RAMAN  SCATTERING 

In  Raman  scattering,  the  plasmon-phonon  mode  pro¬ 
duces  a  peak  instead  of  a  minimum.  As  in  the  reflectance- 
minimum  analysis,  the  peak  frequency  can  be  used  to  deter¬ 
mine  and  the  free-camer  concentration  7  *  For  HgCdTe, 
the  peaks  have  been  found  to  occur  m  regions  where  otheT 
Raman  modes  make  the  identification  of  the  plasmon- 
phonon  mode  difficult  and  make  it  insensitive  to  earner  con¬ 
centrations  below  10“  cm-3.  Raman  scattering  is  sensitive 
to  a  surface  layer  ~  100  A  deep.  This  makes  Raman  spec¬ 
troscopy  potentially  useful  for  measuring  carrier  concentra¬ 
tions  in  ion-implanted  materials,  but  it  is  too  insensitive  for 
general  epitaxial  layer  screening. 

IV.  EDDY-CURRENT  ABSORPTION 

In  eddy-current  absorption,  a  wafer  is  placed  between  an 
rf  source  and  a  pickup  coil.  The  power  loss  due  to  eddy  cur¬ 
rents  induced  in  the  sample  is  proportional  to  the  conductiv¬ 
ity  times  the  thickness  of  the  layer.6  Two  commercial  instru¬ 
ments12  were  tested,  with  similar  results.  Data  in  Fig.  6  show 
a  variation  between  eddy-current  and  current-voltage  resis¬ 
tivity  values  of  a  factor  of  approximately  3.  In  this  case,  the 
current-voltage  analysis  was  done  on  a  small  piece  cleaved 
off  the  edge  of  the  wafer,  while  the  eddy-current  measure¬ 
ments  were  done  on  the  remaining  wafer,  which  could  have 
caused  some  of  the  data  scatter  shown. 

The  eddy-current  technique  tests  a  large  area,  requiring  a 
minimum  sample  size  of  —  5/8  X  5/8  in.  Both  vendors  sup¬ 
ply  a  standard  resistivity  meter  and  a  high-sensitivity  meter. 
The  standard  range  is  appropriate  for  bulk  HgCdTe  wafers, 
while  the  high-sensitivity  range  is  needed  for  thin  epitaxial 
layers.  The  technique  does  not  have  enough  sensitivity  to 
indicate  any  absorption  in  CdTe  semi-insulating  substrate 
material.  The  measurements  are  simple  and  take  only  a  few 
seconds  to  perform,  but  their  accuracy  for  determining  resis¬ 
tivity  is  only  within  a  factor  of  3. 


Fig  6  Resistivity  measured  by  eddy-current  «nd  current-voltage  tech¬ 
niques 
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CARRIER  CONCENTRATION 
n/p  (chi  ’)  BY  HAU.  EFFECT 

Fig  7.  Etoctroreflactance  ogul  tovoglh  u  fuocuoo  of  f roe-cam  ei  coo  cen¬ 
trum!  m  lunple 


The  parameter  of  more  importance  is  usually  earner  con¬ 
centration.  In  Si,  where  mobilities  can  be  accurately  estimat¬ 
ed  for  any  given  doping  concentration,  the  resistivity  mea¬ 
surement  can  be  used  to  give  earner  concentration  values  by 
means  of  the  relation  p  =  N cfi  In  HgCdTe,  the  error  in  re¬ 
sistivity  multiplied  by  the  uncertainty  in  the  mobility  pro¬ 
duces  errors  of  over  an  order  of  magnitude  in  estimating 
carrier  concentrations.  This  makes  the  technique  less  impor¬ 
tant  for  HgCdTe  than  it  is  for  Si. 


V.  ELECTROREFLECTANCE 


Electroreflectance  involves  immersing  the  sample  in  an 
electrolyte  so  that  an  ac  electric  field  can  be  applied  to  the 
surface.  The  ac  field  modulates  the  reflectance,  giving  a  nor¬ 
malized  reflectance  spectrum  at  a  singularity  in  a  band  den¬ 
sity  of  state  represented  by13 


A R^ 


=  Re 


qNVCe* 

[E,  —  +  iT]“/a 


(6) 


where  AR^  =  ac  reflectance;  R^  reflectance;  N  =  doping 
density;  V  —  ac  modulation  voltage;  E,  =  energy  of  the  sin¬ 
gularity;  Ept,  =  incident  light  energy;  n  —  5  for  the  £,  singu¬ 
larity;  6  =  a  phase  factor;  T  =  a  broadening  factor;  and  C  is 
a  constant  including  the  oscillator  strength  of  the  optical 
transition. 

Experimentally,  the  reflectance  signal  from  a  photomulti¬ 
plier  is  divided  and  sent  to  an  ac  amplifier  and  to  a  dc  amplifi¬ 
er;  the  latteT  is  used  in  a  feedback  loop  on  the  photomulti¬ 
plier  power  supply  to  keep  R  constant.  The  ac  amplifier 
output  is  then  proportional  to  AR^.  /R  ^ .  The  ratio  removes 
any  amplitude  fluctuation  effects  in  the  signal  due  to  the 
lamp  or  the  optics.  A  computer  is  used  to  fit  the  observed 
data  to  Eq.  (6),  with  the  signal  strength  (qNVC),9,E,,  and 
T  being  the  fitting  parameters.  The  signal  strength  is  propor¬ 
tional  to  the  net  doping  density  S  and  independent  of  the 
phase  9  or  the  broadening  T. 

Without  standards,  absolute  values  of  N  are  difficult  to 
obtain  using  this  technique,  as  the  voltage  drops  are  difficult 
to  measure  in  the  electrolyte,  the  surface  layers,  and  the 


semiconductor  For  this  study,  the  same  samples  were  used 
for  both  Hall-effect  measurements  and  electros  eflectance 
measurements  at  room  temperature  Full-temperature  Hall- 
effect  data  are  needed  for  p-type  samples,  since  the  net  dop 
ing  density  is  not  given  by  single-temperature  Hall-effect 
data  in  the  transition  region  from  extnnsic  to  intrinsic  con¬ 
ductivity. 

Data  in  Fig  7  show  a  good  one-to-one  relationship 
between  the  free-camer  concentration  as  determined  b\  the 
Hall  effect  and  the  electroreflectance  signal  strength  The 
scatter  in  the  data  is  within  a  factor  of  approximately  2  The 
data  include  both  n-  and  p-type  samples,  with  x  values 
between  x  =  0  2  and  x  =  0  35  The  low  scatter  in  the  data 
implies  that  the  factor  C  in  Eq  (6)  is  approximately  con¬ 
stant  over  this  range  in  x. 

The  technique  has  been  used  in  measuring  relative  free- 
camer  concentrations  and  in  determining  electrical  j  unction 
locations  in  double-layer  devices  that  have  been  either  bevel - 
etched  or  step-etched.  Photoreflectance  techniques  in  which 
light  of  above-band-gap  energy  is  used  to  excite  earners  that 
induce  a  surface  field  may  allow  the  measurements  to  be 
made  without  contacts  and  at  low  temperatures,  as  well. 14 

VI.  CONCLUSIONS 

Of  the  techniques  studied,  far-infrared  reflection  gives  the 
most  complete  and  most  accurate  noncontact  characteriza¬ 
tion  of  electrical  properties  It  can  be  used  to  determine  resis¬ 
tivity,  free-camer  concentration  and  mobility,  and  to  map 
these  values  over  the  area  of  a  wafer  to  be  processed  The 
agreement  of  the  far-infrared  values  and  Hall-effect  values  is 
within  a  factor  of  2  for  resistivity  and  within  a  factor  of  3  for 
carrier  concentration  and  mobility.  More  accurate  tempera¬ 
ture-dependent  effective  mass  values  should  bring  the  car¬ 
rier  concentration  and  mobility  data  to  the  same  agreement 
as  is  seen  in  the  resistivity  data.  The  data  analysis  using  the 
reflectivity  minimum,  while  easier  and  faster  than  a  full  fit  to 
the  data,  at  present  does  not  work  well  for p-type  or  mixed- 
conduction  samples. 

Interference  of  other  effects  with  the  plasmon-phonon 
mode  in  Raman  spectra  makes  this  technique  too  inaccurate 
for  general  use  in  screening  material  for  carrier  concentra 
tion  values. 

Commercially  available  eddy-current  resistivity  equip¬ 
ment  allows  for  the  rapid  measurement  of  this  parameter  foi 
epitaxial  HgCdTe  layers,  with  the  values  agreeing  within  a 
factor  of  3  with  current-voltage  data.  The  technique  is  not 
sensitive  enough  to  screen  semi-insulating  CdTe  substrates, 
however. 

Electroreflectance  signal  strength  can  be  used  to  give  rela¬ 
tive  doping  density  values  at  room  temperature  that  are  use¬ 
ful  in  mapping  wafer  uniformity  or  in  profiling  bevel-etched 
Or  step-etched  samples. 
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Wavelength  modulation  absorption  spectroscopy  of  deep  levels  in 
semi-insulating  GaAs 
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Infrared  wavelength  modulation  absorption  spectroscopy  was  used  in  the  spectral  region  of  0  3- 
1.45  eV  and  the  temperature  range  of  80-500  K.  to  study  deep  level  impurities  and  defects  in 
undoped  semi-insulating  GaAs  grown  by  the  bquid  encapsulated  Czochraiski  technique.  The 
measurements  revealed  two  resonant  type  peaks  with  fine  structure  near  0.37  and  0.40  eV,  as  well 
as  thresholds  and  plateaus  at  higher  energies.  The  sensitivity  of  the  measurements  allows  us  to 
give  credence  to  changes  in  the  absorption  coefficient  at  levels  —  10“ 5  cm  -  1  The  absorption  band 
at  0.37  eV  is  interpreted  as  being  due  to  the  intra-center  transition  between  levels  of  accidental 
iron  impurity,  split  by  the  crystal  field.  The  absorption  band  near  0.40  eV,  can  be  annealed  out  by 
heat  treatment,  and  is  considered  to  belong  to  a  multilevel  defect  complex  Utilizing  the  photo¬ 
quenching  behavior  of  the  absorption  in  the  spectral  region  of  0.6- 1.4  eV,  it  was  shown  that 
conventional  room  temperature  optical  absorption  may  give  erroneous  results  in  measuring  the 
concentration  of  the  EL2  levels,  because  of  appreciable  absorption  due  to  other  residual  deep 
levels  in  this  spectral  region,  as  revealed  by  the  sensitivity  of  the  wavelength  modulation 
technique. 


I.  INTRODUCTION  among  the  most  favored  techniques  of  studying  impurity 

Deep  levels  in  semiconductors  continue  to  be  the  subject  and  defect  levels  at  high  level  of  concentrations.9  10  These 

of  considerable  theoretical1'’  and  experimental1-6  research  measurements  are  done  on  bulk  materials,  and  therefore,  are 

as  our  understanding  of  these  levels  is  far  from  complete.  free  from  high-electnc  fields  and  process  related  impurity  or 

The  presence  of  deep  levels  in  semiconductors  at  concentra-  defects.  Th  e  absorption  coefficient  along  with  its  spectral 

tions  of  10'Vcm’  or  even  less,  can  significantly  affect  the  and  temperature  dependence  can  give  information  about  the 

earner  lifetime,  mobility,  and  the  rate  of  radiative  transi-  photoionization  energy,  excited  states,  temperature  depen- 

tions,  and  thus  performance  of  microelectronic  and  opto-  dence  of  the  level,  electron-phonon  coupling,  and  the  sym- 

electronic  devices  made  from  these  matenals.  The  fascinat-  metry  of  the  localized  wavefunction  as  well  as  their  concen- 

mg  features  of  the  physics  of  deep  levels,  coupled  with  great  tration.’  However,  conventional  optical  absorption 

technological  interest  in  this  field  has  intensified  searches  for  techniques  usually  suffer  from  poor  sensitivity  at  low  levels 

sensitive  experimental  techniques  for  their  detection  and  of  concentration  of  the  order  of  10i:-1016  cm'  usually  en- 

charactenzation  at  these  low  levels  of  concentrations.  countered  for  deep  levels.  Consequently,  considerations 

The  various  space  charge  spectroscopy  techniques  (such  have  been  given  to  optical  derivative  spectroscopies  which 

as  TSC,  DLTS,  and  DLOSl1-5  developed  in  recent  years  are  can  measure  absorption  coefficients  at  levels  of  10  -  ’  to  10  - ' 
commonly  employed  electrical  measurements  to  detect  deep  cm" 

levels.  With  very  good  sensitivities,  they  can  provide  thermal  Several  modulation  schemes  have  been  developed  in  op- 

activation  energy  ,  earner  capture  cross  section,  and  concen-  tical  denvative  spectroscopy.  Electro-modulation,  piezo- 

tration  of  deep  levels  (and  optical  cross  section  in  some  modulation,  thermo-modulation,  and  wavelength  modula- 

casesl.  The  main  drawback  of  these  techniques,  however,  is  tion  are  examples  of  this  technique,  depending  on  w  hether 

that  measurements  are  earned  out  m  space  charge  regions,  the  modulating  parameter  is  the  applied  electnc  field,  strain, 

i.e.,  in  the  presence  of  high-electnc  fields  (—  1CT*— 103  V/cm|,  temperature,  or  the  wavelength  of  the  probing  light 

the  effect  of  which  on  the  emission  rate  is  not  thoroughly  beam.12 11  However,  these  techniques  have  pnmanly  been 

understood.’  Furthermore,  these  measurements  require  fab-  used  to  study  the  intrinsic  optical  propemes  of  matenals 

ncation  of  p-n  junctions,  of  Schottky  bamers,  or  ohmic  con-  The  techniques  of  extrinsic  electro-absorption  has  been 

tacts  which  could  result  in  the  introduction  of  process  relat-  used  in  some  cases  to  study  deep  levels  in  semiconductors  11 

ed  impurities  and  or  defects  into  the  sample.  In  addition,  the  They  have  not,  however,  been  extensively  employed,  since 

above  techniques  employing  essentially  thermal  processes  they  require  high -resistivity  matenaJ  in  order  that  sufficient- 

usually  do  not  yield  excited  states  of  levels.  Photolumines-  ly  high-electnc  fields  can  be  applied  to  obtain  adequate  mod- 

cence  type  experiments,  although  very  sensitive  for  shallow  ulation.  In  addition,  the  present  knowledge  of  the  effect  of 

levels,1'*  have  limited  sensitivity  in  the  case  of  deep  levels  due  electnc  fields  on  the  propemes  of  deep  levels  is  not  sufficient 

to  appreciable  phonon  coupling,  resulting  in  competition  for  a  complete  interpretation  of  the  expenmental  results, 
between  different  possible  radiative  and  nonradiative  mech-  Wavelength  modulation  absorption  spectroscopy,  in 

anisms.  contrast,  allows  one  to  obtain  the  demame  spectrum  by 

Extnmsic  optical  absorption  spectroscopy  has  been  modulating  the  wavelength  of  the  probing  light  beam,  and 
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thus  has  a  straightforward  relationship  to  the  conventional 
absorption  measurements  with  improved  sensitivity. 15  The 
difficulty  in  this  case  is  the  presence  of  spurious  structures  in 
the  spectrum  due  to  background  derivative  spectra,  which 
poses  a  serious  problem  especially  in  the  infrared  region  of 
spectra.  In  the  present  work,  the  modulation  of  the  wave¬ 
length  was  obtained  by  oscillating  the  diagonal  muror  before 
the  exit  slit  of  a  conventional  monochromator.  The  transmit¬ 
ted  intensity  through  the  sample  and  its  derivative,  as  well  as 
the  modem  intensity  and  its  derivative,  are  measured  using  a 
sample  in-sample  out  technique;  an  on-line  computer  sys¬ 
tem  was  employed  for  collecting  data  and  numerically  de- 
correlatmg  the  spectral  absorption  of  the  sample  from  the 
background.16  The  implementation  of  this  system  is  de¬ 
scribed  in  detail  in  Sec.  II. 

Undoped  semi-insulating  GaAs  substrates,  grown  by 
liquid  encapsulated  Czochralski  technique  (LEC)  are  cur¬ 
rently  being  used  for  the  fabrication  of  high  speed  GaAs 
devices  Deep  levels  play  a  crucial  role  in  controlling  the 
carrier  concentration  and,  hence,  the  resistivity  of  the  sub¬ 
strates.  Therefore  much  attention  has  been  focused  on  detec¬ 
tion  and  characterization  of  the  deep  levels  in  this  techno¬ 
logically  important  material. 

A  detailed  study  of  the  derivative  absorption  of 
GaAs:Cr  has  been  reported  11  In  the  present  study,  we  have 
employed  a  modified  wavelength  modulation  absorption 
spectrometer  to  study  the  deep  levels  in  semi-insulating 
GaAs  prepared  by  the  LEC  techniques.  The  spectrometer 
was  used  in  the  spectral  region  of  0.3-1.45  eV  and  the  tem¬ 
perature  range  of  80-300  K,  to  study  deep  level  impurities 
and  defects  in  undoped  semi-insulating  (SI)  GaAs.  The  mea¬ 
surements  revealed  two  resonant  type  peaks  with  fine  struc¬ 
tures  near  0.3*7  and  0.40  eV,  as  well  as  thresholds  and  pla¬ 
teaus  at  higher  energies.  The  sensitivity  of  our  measurements 
allows  us  to  give  credence  to  changes  in  the  absorption  coef¬ 
ficient  at  levels  — 10-3  cm-1.  The  absorption  band  at  0.37 
eV  is  interpreted  as  being  due  to  the  intra-center  transition 


between  levels  of  accidental  iron  impurity,  split  by  the  crys¬ 
tal  field.  The  absorption  band  near  0.40  eV,  annealed  out  as  a 
result  of  heat  treatment,  and  therefore  is  considered  to  be¬ 
long  to  a  multilevel  defect  complex. 

The  spectrum  between  0.6  and  1.45  eV  was  identified  as 
being  due  to  a  native  defect  commonly  referred  to  as  EL2  " 
Utilizing  the  unusual  photo-quenching  behavior of  this 
level  we  were  able  to  re-examine  the  accuracy  of  the  con  v  en 
tional  room  temperature  optical  absorption,  commonly  used 
in  measuring  the  EL2  concentration,  and  showed  that  these 
methods  typically  can  have  up  to  20%  error 

II.  EXPERIMENTAL  TECHNIQUES 

Our  previously  reported  wavelength  modulated 
spectrometer16  has  been  modified  (for  the  low  tempera!  uie 
operation)  by  adding  to  it  a  low  temperature  optical  dew  a: 
essential  to  this  work.  We  have  also  improved  the  uabiitts 
reproducibility,  and  control  of  the  modulating  system,  a' 
well  as  the  signal  processing.  The  schematic  diagram  ot  the 
system  is  shown  in  Fig  1. 

A  liquid  transfer  refrigerator,  with  an  optical  win  t.  ■» 
shroud  and  a  sample  holder  suitable  for  the  sample  in  vi- 
ple  out  technique,  and  a  digital  temperature  nidi, ai  r  .  • 
troiler,  were  used  for  the  low  temperature  operation  4  !  , 

sten/halogen  light  source,  and  quartz  windows  were  .  ,t- 
for  the  spectral  range  of  0.55-1 .50  eV  Fot  the  -  -  1 '  • 

region,  a  Globar  light  source  and  potassium  ,  h  - \  : 
dows  were  used.  The  detector  throughout  the  spe.  •  •  a 
was  a  Golay  cell. 

The  modulation  of  the  wavelength  was  as, 
sinusoidal  oscillation  of  a  diagonal  mirror  <*sa  - 
exit  slit  of  the  monochromator,  and  mounted  •  ■ 

an  optical  scanner.  The  internal  oscillator  -a  -  » 
fierwasusedtodnvethescannerthroug'.  a 
driver  circuit  The  new  modulation  sssi-.-n  •  ... 
vantages  over  the  one  previously  empi  a 
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tunable  ( 1-100  Hz),  has  high  amplitude  and  frequency  stabil¬ 
ity,  and  allows  large  wavelength  excursions.  With  the  new 
system,  the  amplitude  of  modulation  can  be  controlled  from 
0.2  to  150  A  precision.  There  was  no  wobbling,  and  no  cross 
talk  with  other  mechanically  vibrating  components.  These 
features  were  desirable  for  reducing  noise  and  drift,  as  well  as 
optimizing  the  modulation  frequency  compatible  with  the 
detector  response,  and  consistent  with  the  chopper  frequen¬ 
cy  to  avoid  harmonic  or  subharmonic  pickup.  It  can  also  be 
used  to  conveniently  and  very  precisely  calibrate  the  spectral 
slit  width,  the  depth  of  modulation,  and  to  select  these  quan¬ 
tities  for  optimum  resolution,  signal-to-noise  ratio,  and  min¬ 
imum  distortion  in  the  derivative  signal,  for  a  given  spectral 
region.  A  dc  offset  feature  of  this  scanner  also  allows  one  to 
set  the  monochromator  calibration  electrically  rather  than 
mechanically.  Data  was  taken  at  discrete  energies  with  a 
resolution  set  by  the  slit  width  and  depth  of  modulation, 
which  for  this  work  was  0.00075-0.0015  eV. 

An  on-line  computer  steps  the  sample,  in  and  out  of  the 
light  beam,  as  well  as,  steps  the  wavelength,  and  collects  data 
from  the  output  of  lock-in  amplifiers  at  controllable  rates  for 
additional  signal  averaging.  These  operations  are  conve¬ 
niently  done  using  a  LSI-1 1/23  computer  and  its  peripherals 


I  Wait  t,  sec. 


Col  lect  N,  data  (I0)  from  lock-in  I  at  time 
intervals  t2  msec,  and  average 


Collect  N2  data  (AIq)  from  lock-in  H  at  time 
intervals  t2  msec  and  average 


Step  sample  in  the  beam 


Wait  t,  sec. 


Collect  N,  data  (I)  from  lock-in  I  at  time 
intervals  12  msec  ond  average 


'last  dotq) 
\in?X 


DATA  TAKING  CYCLE 


FIG.  2.  Black  diagram  of  the  data  taking  cycle. 
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in  the  form  of  a  CAMAC  system.  The  data  taking  cycle  is 
shown  in  Fig.  2.  The  method  of  data  analysis  is  similar  to 
that  previously  employed.16  The  wavelength  modulation 
technique  yields  essentially  the  energy  derivative  of  the  ab¬ 
sorption  coefficient.  To  obtain  the  value  of  the  absorption 
coefficient,  one  numerically  integrates  the  observed  deriva¬ 
tive  spectra,  and  normalizes  it  to  the  absorption  coefficient 
obtained  by  a  direct  loss  measurement  in  the  same  apparatus 
at  fixed  wavelengths  where  the  absorption  coefficient  can  be 
measured  with  good  precision. 

The  undoped  semi-insulating  GaAs  samples  used  in  this 
work  were  cut  from  five  different  ingots,  all  grown  in  pyroly¬ 
tic  boron  nitride  crucibles,  by  the  liquid  encapsulated 
Czochralski  technique,  with  B203  as  the  encapsulant.  They 
had  resistivities  greater  than  107 12  cm,  and  Hall  mobilities 
of 4570-6319  cmW  s.  They  were  typically  3  mm  thick  and 
the  surfaces  were  polished  with  Br-methanol.  The  samples 
were  grown  by  the  Hughes  Research  Laboratory,  Malibu. 


III.  RESULTS 


Figure  3  shows  the  absorption  spectra  of  an  undoped 
semi-insulating  GaAs  at  300  K.  The  threshold  near  1 .4  e  V.  is 
the  onset  of  the  interband  transition,  while  the  spectra 
between  0.7  and  1.4  eV  is  the  characteristic  absorption  of  a 
deep  level  due  to  a  presumably  native  defect  complex,  com¬ 
monly  referred  to  as  the  EL2  level.19  The  small  structures 
between  0.3  and  0.5  eV,  and  the  threshold  at  0.5  eV  should  be 
noted.  In  conventional  absorption  spectroscopy  these  small 
variations  would  be  buried  in  the  systems  noise,  whereas 
with  our  technique,  variations  as  small  as  10-3  cm-1  have 
significance.  As  the  temperature  is  reduced  to  160  K,  we 
note  the  sharpening  of  the  thresholds,  and  emergence  of  dis¬ 
tinct  resonance  type  structures,  shown  in  Fig.  4.  The  struc¬ 
tures  below  0.52  eV  are  shown  in  Fig.  5  on  a  vastly  expanded 
scale  made  possible  by  the  precision  of  our  measurement. 
Upon  lowering  the  temperature  to  80  K  the  structures  shar¬ 
pen  further,  and  some  finer  ones  appear,  as  seen  in  Fig.  6. 
Note  should  be  taken  of  the  sharp  structure  at  0.36-0.38  eV, 
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FIG.  3.  Abeorpcion  spectra  of  simple  I  SI  GiAsfLEC);  T  «  300  K.  spectral 
range:  0.3- 1.5  eV. 
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FIG  4.  Absorption  spectra  of  sample  1  SI  GaAs  (LEC);  T  —  160  K.  spectral 
range:  0.3-1. 5  eV. 


a  broad  peak  at  0.4  eV  with  side  lobes,  and  the  threshold  near 
0.S  eV.  Figures  7-10  show  the  observed  structures  in  the 
same  spectral  region  and  temperature  for  other  undoped 
GaAs  samples.  It  should  be  noted  that  the  general  shape  of 
the  resonant  structure  at  0.36-0.38  eV  remains  unchanged 
as  its  intensity  varies  from  Figs.  6-9.  In  contrast,  the  broad 
peak  at  0.4  eV  changes  its  intensity  as  well  as  the  details  of  its 
shape.  No  distinct  pattern  was  observed  in  the  structures  at 
0.43-0.47  eV.  Figure  1 1  shows  the  spectra  of  the  sample  after 
the  sample  had  been  annealed  in  a  JV2  atmosphere  at  430  *C 
for  4  h.  the  difference  between  this  and  Fig.  6  should  be 
noted.  The  peak  at  0.4  eV  has  been  annealed  out  as  a  result  of 
heat  treatment. 

When  the  temperature  was  lowered  to  below  140  K,  and 
the  sample  was  illuminated  with  a  50- W  tungsten  halogen 
lamp,  the  structures  between  0.7  and  1.3  eV  quenched  (see 
Fig.  12)  and  remained  in  the  quenched  state  for  several  hours 
even  after  the  background  illumination  had  been  turned  off. 
The  magnitude  and  the  details  of  the  shape  of  the  post- 
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FIG.  5.  Abaorpt  khi  spectra  of  ample  I  SI  GaAs  (LEC);  T  —  160  K.  spectral 
ranee:  0.3-0.32  eV. 
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FIG.  6.  Absorption  spectra  of  sample  1  SI  GaAi  (LEC):  T  —  80 IC,  spectral 
range:  0.3-0.32  eV. 


quenched  spectra  varied  from  sample  to  sample.  Its  magni¬ 
tude  at  1.2  eV  was  10-20%  of  the  total  room  temperature 
absorption  coefficient  at  the  same  energy. 

IV.  DISCUSSION 

The  above  results  are  discussed  in  the  following  subsec¬ 
tions.  In  Sec.  IV  A  the  resonant  spectra  at  0.37  is  discussed 
and  attributed  to  accidental  iron  impurities.  Section  IV  B  is 
devoted  to  the  comparison  of  the  spectra  at  0.4  eV  among  the 
various  samples,  as  well  as  its  behavior  under  heat  treatment, 
and  is  considered  to  be  the  signature  of  a  multilevel  defect 
complex.  The  results  of  our  observation  in  the  spectral  range 
of  0.7-1.4  eV  are  discussed  in  Sec.  IV  C. 

A.  Iron  in  undopod  QaAs 

In  the  spectra  below  0.55  eV,  the  sharp  peak  at  0.37  eV 
can  be  attributed  to  the  presence  of  iron  in  these  materials;  a 
similar  absorption  peak  has  been  reported  in  GaAs  sub- 
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FIG.  7.  Absorption  spectra  of  sample  2  SI  GaAs  (LEC);  T  «  80  K.  spectral 
range:  0.3-0.32  eV. 
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FIG.  8.  Absorption  spectra  of  sample  3  SI  GaAa  (LEC);  T  —  80  K,  spectral 
range:  0.3-0.52  eV. 


strates  intentionally  doped  with  iron.10  Sharp  zero-phonon 
photoluminescence  lines  near  0.37  eV  has  also  been  seen  in 
iron  doped  GaAs  materials.20  Similar  structures  in  absorp¬ 
tion  and  photoluminescence  have  also  been  observed  for  iron 
in  other  Ill-V  compounds  as  well. 1<u0  Paramagnetic  reso¬ 
nance  experiments  have  shown  that  iron  is  incorporated  sub- 
stitudonally  in  the  Ga  sublattice,  and  acts  as  a  deep  accep¬ 
tor.21  At  the  Ga  site,  Fe  loses  three  electrons  to  the  bonds, 
becoming  Fe1*  in  a  id  5  configuration,  and  when  an  electron 
is  trapped,  a  Fe2*  in  a  3d 6  configuration  is  created. 

The  energy  levels  of  Fe2*  in  3d4  configuration  derived 
on  the  basis  of  the  crystal  field  theory  up  to  the  second-order 
term  in  the  spin-orbit  correction  have  been  reported  in  the 
literature.22  At  a  site  of  tetrahedral  symmetry  (Td ),  the  low¬ 
est  free  ion  term,  iD,  of  Fe2*  (3d  4),  is  split  by  the  crystal  field 
into  a  ground  state  doublet  SE  and  37’2  excited  state. 
Allowance  for  the  spin-orbit  coupling  lifts  the  degeneracy  of 
the  iT2  level  and  in  the  second-order  approximation  it  lifts 
also  the  degeneracy  of  the  *E  levels,  as  shown  in  Fig.  13.  The 


FIG.  9.  Absorption  spectra  of  sample  4  SI  GaAs  (LEC);  T  «  80  K.  spectral 
range:  0.3-0.32  eV. 
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FIG.  10.  Absorption  spectra  of  sample  5  SI  GaAs  (LEC);  T—  80  K,  spectral 
range:  0.3-0.52  eV. 


absorption  and  luminescence  peaks  mentioned  above  are 
due  to  the  internal  transitions  between  5E  and 1 T2  multiplets. 

The  central  peak  at  0.37  eV  in  Figs.  5-9  can  be  attribut¬ 
ed  to  the  zero-phonon  transition  from  the  lowest  iE  multi- 
plet  to  the  lowest  level  of  iT2  multiplet  The  structure  ap¬ 
pearing  as  a  weak  shoulder  on  the  low  energy  side  of  the  line 
and  about  less  than  2  meV  away  from  the  main  peak  can  also 
be  attributed  to  a  zero-phonon  transition  from  the  second 
lowest  level  of  iE  to  lowest  level  of  iTr  This  transition  has 
been  reported  as  well  resolved  into  a  separate  peak  when  the 
measurement  is  done  at  about  liquid  Helium  temperature.10 
From  the  position  of  the  main  two  zero-phonon  lines,  and 
Fig.  13,  we  obtain  a  value  of  A  —  3000  cm- 1  for  the  crystal 
field  energy,  in  agreement  with  the  reported  values  of  A  in 
the  III— V  compounds.1  The  other  side  structures  are  harder 
to  interpret,  partly  because  it  is  difficult  to  distinguish 
between  vibronic  and  electronic  levels.  As  for  the  Jahn-Tell- 
er  distortion,  its  effect  on  the  SE  states  is  not  pronounced  but 
it  alters  the  splitting  of  iT2  levels.21  Such  changes  would  be 


FIG  1 1.  The  post-annealed  absorption  spectra  of  sample  1  SI  GaAs  (LEC); 
r-80K.  spectral  range:  0.3-0.52  eV. 
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FIG.  12.  The  paM-Uhammeuan  absorption  spectra  of  temple  1  SI  GaAi 
(LEC);  T-tOK.  spectral  tu(e:  0.3-0.32  eV. 


observable  in  transitions  involving  higher  energy  levels  of 
3Tj.  Unfortunately,  these  transitions  cannot  be  seen  in  our 
data,  because  they  have  much  smaller  oscillator 
strengths10*23  and  therefore  are  buried  under  the  structures 
due  to  other  residual  impurities  or  defects. 

A  detailed  analysis  of  iron  levels  is  not  the  main  concern 
of  this  work.  For  that,  one  would  have  to  study  these  levels  in 
substrates  doped  with  iron  at  concentrations  much  above 
that  of  the  residual  impurities  and  defects.  Our  aim  in  this 
work  was  rather  to  make  a  broad  survey  of  deep  levels  in  the 
undoped  SI  GaAs  substrates.  To  our  knowledge  this  is  the 
first  observation  of  the  distinct  iron  signature  in  the  bulk  of 
as-grown  undoped  semi-insulating  GaAs  by  optical  absorp¬ 
tion  or  emission  techniques.  Estimating  the  value  of  the  os¬ 
cillator  strength,  the  lowest  detected  concentration  of  Fe2* 
was  5x  1015  cm-3  in  our  work.  Although  Fe2*  in  GaAs 
does  have  a  distinct  photoluminescence  signature  at  0.37  eV, 
to  our  knowledge  no  such  emission  band  has  been  reported 
in  the  undoped  as-grown  materials.  Emission  lines,  however, 
do  appear  after  the  substrates  are  heated  to  about  700  *C 


Ft* in  GaAs 


FIG.  13.  Energy  itvd  scheme  of  the  'D  level  of  Fe]*  13d*)  w  GaAs. 


because  of  accumulation  of  iron  in  the  near  surface  region  at 
concentrations  of  10l7-10'*  cm-3.24  Therefore  it  is  signifi¬ 
cant  that  we  have  been  able  to  detect  Fe  at  levels  of  10IS 
cm~3.  It  should  also  be  noted  that  in  the  absence  of  absorp¬ 
tion  bands  due  to  other  residual  deep  levels — interfering 
with  the  iron  absorption  spectra — the  sensitivity  of  our  pres¬ 
ent  measurement  would  allow  detection  of  iron  at  an  order  of 
magnitude  below  the  above  concentration  level. 

The  threshold  near  0.3  eV  whose  intensity  scales  with 
the  intra-center  transition  at  0.37  eV  can  be  identified  with  a 
transition  from  the  valence  band  to  the  lower  multiplet  of 
Fe2*.  This  is  further  substantiated  by  the  fact  that  the  posi¬ 
tion  of  this  threshold  moves  with  a  temperature  coefficient  of 
(5.0  ±  0.5)  cc  10~4eV/K,  which  is  similar  to  the  temperature 
coefficient  of  the  GaAs  band  gap;  a  similar  observation  has 
been  made  from  Hall  measurements.23  A  deep  acceptor  level 
at  about  0.3  eV  from  the  valence  band,  due  to  iron  impurity 
has  also  been  reported  by  several  investigators. 26,27 

One  might  also  expect  to  observe  thresholds  at  higher 
energies  due  to  the  photoionization  of  electrons  from  Fe2* 
levels  to  the  conduction  band.  Figures  3  and  4  show  absorp¬ 
tion  thresholds  in  the  range  of  0.7  to  1.4  eV.  However,  in  Sec. 
IV  C  it  will  be  shown  that  these  thresholds  bear  no  relation  to 
the  presence  of  iron.  They  are  rather  attributed  to  another 
level  commonly  referred  to  as  EL2,19  which  is  believed  to 
originate  from  a  native  defect  sample.  The  absorption  spec¬ 
tra  due  to  EL2  can  be  quenched  out  at  80  K  if  the  sample  is 
illuminated  by  band  gap  light  (see  Sec.  IV  C).  The  remaining 
spectra  shown  in  Fig.  12  does  not  contain  any  strong  pho¬ 
toionization  threshold.  We  therefore  conclude  that  the  mag¬ 
nitude  of  the  photoionization  cross  section  for  electronic 
transition  from  the  Fe2*  levels  to  the  conduction  band  is 
very  small.  It  can  be  argued  that  since  the  site  symmetry  of 
iron  is  tetrahedral,  transitions  from  d-orbitals  to  conduction 
band  r-like  orbitals  may  be  strongly  prohibited  by  the  selec¬ 
tion  rules. 

B.  Multilevel  defect  complex 

Another  dominant  absorption  band  common  to  all  the 
substrates  we  studied  is  the  resonant  spectra  whose  peak  is 
near  0.4  eV,  with  a  peak  absorption  coefficient  typically  be¬ 
low  0.4  cm  ~ a  half  width  of  about  30  meV,  and  usually  with 
two  side  lobes.  Being  a  peak  rather  tha-  „  '  reshold  it  can  be 
interpreted  as  being  due  to  an  electror  .  transition  between 
levels  associated  with  the  same  center.  1  ue  peak  magnitude, 
and  the  detail  shape  of  this  structure  as  well  as  its  sidebands 
varied  from  sample  to  sample  as  seen  from  Figs.  5-10,  indi¬ 
cating  that  it  is  not  associated  with  a  simple  multilevel  impu¬ 
rity.  It  is  more  likely  that  this  structure  is  due  to  a  complex 
defect  formed  during  the  crystal  growth  or  in  the  cooling 
period  following  the  growth,  whose  exact  structure  is  sensi¬ 
tively  dependent  upon  the  thermal  history  of  the  sample.  To 
explore  the  possible  origin  of  this  level,  sample  1  was 
cleaned,  etched  and  annealed  in  a  nitrogen  atmosphere  for  4 
h,  at  a  temperature  of  430  *C.  In  contrast  to  the  spectra  of 
sample  1  shown  in  Fig.  6,  the  post-annealed  spectra,  shown 
in  Fig.  11,  indicated  that  the  spectra  at  0.4  eV  has  been  an¬ 
nealed  out.  We  thus  conclude  that  (i)  the  structure  is  a  defect 
or  defect  complex;  (ii)  this  defect  introduces  two  main  levels 
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into  the  gap  separated  by  0.4  eV;  (iii)  these  levels  may  split 
into  more  levels  depending  on  the  exact  nature  of  the  defect’s 
immediate  surrounding  or  additional  complexing.  These  ad¬ 
ditional  complexes  could  vary  from  sample  to  sample  if  they 
do  not  have  identical  thermal  history.  This  would  account 
for  variations  of  the  fine  structures  of  the  spectra  among  the 
samples.  To  our  knowledge  this  is  the  first  observation  of  this 
multilevel  defect  in  semi-insulating  GaAs  by  optical  tech¬ 
niques.  A  possibly  related  level  has  been  observed  by  the 
photo-induced  transient  spectroscopy  (P.I.T.S.)  in  these 
samples.2*  However,  an  exact  correlation  between  the  levels 
observed  by  the  wavelength  modulation  absorption  and  the 
level  detected  by  P.I.T.S.  must  take  into  account  the  fact  that 
the  latter  essentially  yields  information  on  the  thermal  emis¬ 
sion  from  the  level  to  the  band,  whereas  the  former  gives 
information  about  the  intra-center  transitions. 

C.  Thn  EL2  in  81  QaAa 

The  absorption  spectra  in  the  0.6- 1.4  eV  shown  in  Figs. 
3  and  4,  are  due  to  a  deep  level  known  as  the  EL2  which  is 
associated  with  a  native  defect1*  This  defect  is  responsible 
for  producing  undoped  semi-insulating  GaAs  by  compen¬ 
sating  the  shallow  impurities. ”J0  The  exact  origin  and  mi¬ 
croscopic  structure  of  this  defect  is  still  subject  to  consider¬ 
able  debate.  Many  of  the  investigations  on  this  defect  have 
involved  studies  of  the  correlation  between  the  distribution 
pattern  across  the  wafer,  of  the  EL2  concentration,  disloca¬ 
tion  density,  resistivity,  as  well  as  their  relation  to  the  stoi¬ 
chiometry  of  the  melt,  and  condi  tons  of  the  crystal 
growth.11-*2  Central  to  many  of  these  studies  is  the  precise 
measurement  of  the  EL2  concentration  and  its  distribution. 
Optical  absorption  spectroscopy,  at  room  temperature,  has 
commonly  been  used  for  this  purpose,  since  it  provides  a 
convenient  and  nondestructive  way  of  measuring  the  local 
concentration  of  the  EL2  with  good  spatial  resolution.  ”  In 
this  method  the  value  of  the  absorption  coefficient  at  about 
1.2  eV  is  taken  to  be  a  measure  of  the  EL2  concentration. 
However,  we  have  shown  that  the  presence  of  other  residual 
deep  levels,  even  at  low  concentrations,  may  give  rise  to  ap¬ 
preciable  absorption  spectra  in  the  neighborhood  of  the  EL2 
spectra.”  Hence  the  apparent  near-infrared  absorption 
spectra  cannot  be  a  priori  attributed  to  the  EL2  levels  alooe. 

The  EL2  level  has  been  shown  to  exhibit  unusual  prop¬ 
erties,  among  them,  the  quenching  of  photoluminescence,  14 
pbotocaperitance,”  and  optical  absorption,1*  at  low  tem¬ 
perature  (T<  140  K).  In  particular,  the  near-infrared  absorp¬ 
tion  spectra  due  to  EL2  quenches  out  at  low  temperature 
after  the  sample  is  illuminated  with  light  of  0.9<hv<  1 .33  eV 
and  remains  in  the  quenched  state  for  many  hours,  even  after 
the  background  illumination  has  been  tuned  off.  The  sensi¬ 
tivity  of  the  wavelength  modulation  absorption  spactrosoo- 
py  together  with  the  photo-quenching  behavior  of  the  EL2 
allowed  us  to  separate  the  EL2  spectra  in  the  total  absorp¬ 
tion  spectra  and  to  observe  the  absorption  spectra  due  to  all 
other  residual  deep  levels.  Figure  12  shows  the  absorption 
due  to  all  the  deep  levels  other  than  the  EL2  in  the  spectral 
region  of  0.3-1. 5  eV.  The  spectra  of  another  GaAs  sample  in 
the  spectral  region  ofO.5-l.5eV  is  also  shown  in  Fig.  14,  in 
which  the  solid  curve  is  the  room  temperature  spectra  and 


FIG.  I*.  The  total  absorption  spectre  at  300  K  (solid  curve)  and  the  midiial 
absorption  spectra  after  photoquencliiitf  at  SO  K  {dotted  curve)  of  sample  2 
SI  OaAs(LEC). 


the  dotted  curve  is  the  post-quenched  spectra  ( at  80  K)  due 
to  residua]  absorption.  As  is  seen  from  these  figures,  the 
post-quenched  spectra  do  not  exhibit  any  strong  threshold 
associated  with  the  photoionization  of  electrons  from  the 
iron  impurity  levels.  In  surveying  several  samples  of  un¬ 
doped  semi-insulating  GaAs  ere  found  that  in  a  typical  sam¬ 
ple,  up  to  20%  of  the  room  temperature  optical  absorption 
coefficient  may  be  due  to  residual  deep  levels  other  than  the 
EL2.” 

Therefore,  in  cases  where  the  EL2  concentration  and 
distribution  must  be  measured  with  better  than  10%  accura¬ 
cy,12  room  temperature  optical  absorption  is  not  adequate. 
In  such  cases,  the  use  of  infrared  wavelength  modulation 
absorption  in  conjunction  with  photoquenching11  represent 
a  more  accurate  method  of  measuring  the  EL2  concentra¬ 
tion. 


V.  CONCLUSIONS 

In  summary,  wavelength  modulation  absorption  was 
used  to  investigate  the  deep  levels  in  semi-insulating  un¬ 
doped  GaAs  grown  by  the  liquid  encapsulated  technique 
which  is  currently  of  high  technological  interest.  Extensive 
low  temperature  measurements  permitted  observation  of 
structures  with  fine  details  in  the  spectra  of  the  SI  GaAs  at 
0.37  and  0.4  eV.  The  structures  near  0.37  eV  were  identified 
as  intra-center  transitions  between  the  levels  of  accidental 
iron  impurities  incorporated  in  the  Ga  sublattice.  To  our 
knowledge  this  was  the  first  observation  of  the  iron  absorp¬ 
tion  spectra  in  the  semi-insulating  GaAs  at  such  low  levels  of 
concentration.  The  structure  at  0.4  eV  was  considered  as 
being  due  to  an  intra-center  transition  associated  with  a 
growth  related  multilevel  defect  complex.  The  fine  details  of 
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this  structure  were  found  to  be  sensitive  to  the  thermal  his¬ 
tory  of  the  sample,  and  the  whole  structure  was  annealed  out 
at  about  430  *C.  Such  a  level  and  its  characteristics  have  not 
been  previously  reported. 

Measurements  at  liquid  nitrogen  temperature  also  al¬ 
lowed  us  to  utilize  the  photoquenching  behavior  of  the  ab¬ 
sorption  bands  in  the  spectral  region  of  0.7-1.45  eV  to  assess 
the  accuracy  of  the  conventional  room  temperature  optical 
absorption  spectroscopies  in  measuring  the  deep  level  con¬ 
centrations.  It  was  demonstrated  that  the  nonselectivity  of 
such  measurements  may  give  erroneous  results  in  measuring 
the  concentration  of  specific  deep  levels,  because  of  appre¬ 
ciable  absorption  due  to  the  collective  contribution  of  other 
residual  deep  levels.  This  result  holds  special  significance  in 
the  current  investigations  on  the  origin  of  the  non  uniform 
distribution  of  the  main  electron  trap,  the  EL2  level,  in  un¬ 
doped  CaAs. 
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It  is  important  to  be  able  to  nondestructively  characterize  (“screen")  the  electrical  properties  of 
those  anas  of  HgCdTe  epitaxial  material  that  will  later  be  made  into  devices.  This  paper 
compares  several  noncontact  techniques  for  measuring  resistivity,  carrier  concentration,  and 
mobility  with  the  standard  Hall-effect  technique.  The  noncontact  techniques  examined  are  far- 
infrared  reflection,  Raman  scattering,  eddy-current  absorption,  and  electroreflectance.  Of  these 
far-infirared  reflection  was  found  to  be  the  best  noncontact  technique  for  measuring 
resistivity,  carrier  concentration,  and  mobility.  Resistivity  values  were  within  a  factor  of  2  of  Hall- 
effect  values,  while  carrier  concentration  and  mobility  values  that  depend  on  an  assumed  effective 
mass  were  within  a  factor  of  3.  In  Raman  scattering,  interference  between  the  free -carrier 
plasmon-phonon  mode  and  other  modes  makes  it  an  inaccurate  method  for  estimating  carrier 
concentration.  Eddy-current  absorption  is  useful  for  quickly  measuring  epitaxial  layer 
resistivities  to  within  a  factor  of  3  of  Hall-effect  values,  while  electroreflectance  gives  a  relative 
value  for  the  surface  doping  density,  which  is  useful  in  layer  profiling. 


L  INTRODUCTION 

It  is  important  to  know  the  electrical  properties  of  HgCdTe 
starting  material  before  it  is  processed  into  devices.  The  stan¬ 
dard  techniques  for  doing  this.  Hall-effect  and  capacitance- 
voltage  testing,  involve  applying  contacts  to  and  processing 
a  small  piece  of  the  sample,  which  takes  this  region  out  of 
production  and  does  not  characterize  the  actual  material 
used  for  device  processing. 

This  paper  describes  the  use  of  far-infrared  reflection,  Ra¬ 
man  spectroscopy,  and  eddy-current  absorption  to  provide 
noncontact  electrical  characterization  of  epitaxial  HgCdTe 
so  that  the  characterized  material  can  still  be  used  for  device 
processing.  Electroreflectance  data  for  carrier  concentration 
is  also  presented,  since  this  technique  requires  ony  a  single 
edge  contact.  These  techniques  are  all  nondestructive  and, 
except  for  eddy-current  absorption,  allow  mapping  of  elec¬ 
trical  parameters  over  the  area  of  the  starting  material. 

Far-infrared  reflection  has  been  used  to  estimate  resistiv¬ 
ity,  carrier  concentration,  and  mobility  in  GaAs,1  CdTe,2 
and  PbSnTe.3  The  method  is  described  in  a  review  article,4 
and  initial  data  for  HgCdTe  has  been  reported  by  one  of  the 
present  authors.3  Eddy-current  absorption  is  a  standard 
noncontact  technique  used  in  the  Si  industry  for  measuring 
resistivity  in  wafers.6  In  the  Raman  technique,  a  coupled 
plasmon-phonon  mode  is  excited  in  the  surface  region 
( — 100  A  in  depth).  The  mode  frequency  can  be  used  to 
determine  the  surface-region  free-carrier  concentration.7'* 
In  the  electroreflectance  technique,  the  signal  strength  is 
proportional  to  the  surface-region  doping  density.  Surface 
mapping  of  doping  densities  has  been  demonstrated  for 
GaAs.*  The  issues  in  the  present  work  are  to  determine  the 
usefulness  of  these  techniques  for  HgCdTe  epitaxial  layer 


analysis  and  to  compare  techniques  that  measure  the  same 
electrical  parameters. 

Several  of  these  techniques  involve  reflected  light:  i.e.,  far- 
infrared  reflection,  Raman  scattering,  and  electroreflec¬ 
tance.  The  skin  depth  for  good  -  conductors  6  —  c/ 
{.hrpuaa) 1,2  varies  inversely  with  the  square  root  of  the  opti¬ 
cal  conductivity  and  the  square  root  of  the  frequency.  Order- 
of- magnitude  values  are  — 100  A  for  the  visible  region  exci¬ 
tations  used  in  Raman  and  electroreflectance  and 
micrometers  for  the  far-infrared  reflection.  The  eddy-cur¬ 
rent  absorption  technique  averages  over  the  total  layer  thick- 


11.  FAR-INFRARED  REFLECTION 

Free-carrier  absorption  in  a  semiconductor  is  proportion¬ 
al  to  (wavelength),2  and  in  the  far  infrared  it  becomes  strong 
enough  to  be  used  to  determine  the  resistivity,  free-carrier 
concentration,  and  mobility.  The  far-infrared  spectra  were 
taken  at  300  and  77  K  using  a  Fourier-transform  spectrom¬ 
eter  covering  the  range  from  10  to  250  cm~ '.  The  samples 
were  both  n-  and  p-type  epitaxial  layers  of  Hg,  _  ,Cd,Te 
with  doping  concentrations  ranging  from  1013  to  10“  cm-3 
and  compositions  in  the  range  x  *  0.2  to  0.4.  The  samples 
were  ~  0.5  X0.5  cm  and  were  used  for  both  the  van  der  Pauw 
Hall-effect  measurements  and  the  far-infrared  reflectance 
measurements. 

Typical  data  are  shown  in  Fig.  1,  in  which  the  dots  are  the 
measured  data  points  and  the  solid  line  is  a  modeled  fit  to  the 
data.  The  least-squares  fit  to  the  reflectance  comes  from  a 
model  for  the  complex  index  of  refraction  h  that  includes  the 
free-carrier  contribution,  the  lattice  vibrational  modes,  and 
defect  vibrational  modes.  These  are  identified  in  Fig.  1 .  The 
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IL  EXPERIMENTAL  RESULTS 

The  derivative  surface  photovoltage  measurements 
were  performed  on  n-type  silicon  (100)  substrates  utilizing 
MOS  structures.  The  experimental  system  used  is  described 
elsewhere.*  The  MOS  structures  were  made  by  evaporating  a 
400  A  semitransparent  gold  electrode  cm  an  oxide  layer 
(1000  A  thick)  grown  on  silicon  by  a  standard  dry  oxidation 
technique.'  >“ 

Typical  sub-band-gap  derivative  surface  photovoltage 
spectra  (< dV,/dE )  obtained  at  83  K  are  shown  in  Figs.  1(a) 
and  2(a).  To  obtain  a  good  si gnal-to- noise  ratio  it  was  neces¬ 
sary  to  keep  the  modulation  amplitude  and  the  spectral  slit 
width  of  the  monochromator  fairly  large  (A4/1~10~J 
when  using  a  Golay  detector).  The  derivatives  of  the  incident 
photon  spectra  of  a  tungsten  iodide  source  for  the  same  in-  __ 
strument  and  spectral  region  with  comparable  amplitude  of  t 

modulation  were  obtained  using  a  PbS  detector.  These  are  = 
shown  for  comparison  in  Figs.  1(b)  and  2(b).  With  the  sensi-  | 
tivity  of  the  PbS  detector  a  much  better  resolution  (A  A  / 
A-~2x  10"*)  is  also  possible,  as  shown  in  lug.  3. 

The  dominant  structure  in  Fig.  1(a)  is  due  to  the  inter- 
band  transition  near  the  indirect  band  gap  of  silicon  with  the 
emission  and  absorption  of  phonons.  It  is  similar  to  other 
reported  DSPV  results. 10  The  smaller  structures,  below  1.13 
eV,  may  in  principle  be  associated  with  the  multiphonon 
absorption.  However,  they  can  also  be  considered  to  be  a 
manifestation  of  similar  structures  in  the  derivative  of  the 
background  spectra  dla/dE,  shown  in  Fig.  1(b).  Comparison 
of  Figs.  2(a)  and  2(b)  also  suggests  a  strong  correlation 
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FIG.  2.  (a)  The  derivative  surface  photovoltaic  spectra  of  silicon  (T *  S3 
K);  (b|  the  derivative  of  the  background  spectra  in  the  spectral  range  of  0.6- 
1.0  eV;  amplitude  of  modulation  (A2  /A )  —  10~2. 
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FIG.  1.  (a)  The  derivative  surface  photovoltaic  spectra  of  silicon  (T  —  S3 
Kfc  (hi  the  derivation  of  the  background  spectra  in  the  apectral  range  of  1.0- 
1-33  eV;  amplitude  of  modulation  10" J. 


between  the  structures  in  the  DSPV  and  the  derivative  of  the 
background  spectra  near  0.65  and  0.9  eV.  In  fact,  signatures 
of  the  derivative  of  the  background  spectra  are  quite  com¬ 
monly  observed  in  the  wavelength  modulated  spectra  of  the 
reflected  and  transmitted  light  beam,  as  predicted  by  the 
theory  of  the  corresponding  wavelength  modulation  spec¬ 
troscopy.  These  can  be  corrected  for  by  subtraction  of  the 
experimentally  determined  background.7  In  contrast,  the 
theory  of  the  DSPV,  as  formulated  in  Eq.  ( 1 ),  is  not  consis- 


FIG.  3.  Derivative  of  the  background  spectre  in  the  spectre)  range  of  0.76- 
1.0  (V  using  a  tungsten  source;  amplitude  of  modulation  | &J./A) 
-2x10-’. 
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tent  with  the  above  observation.  In  the  next  section  we  pres¬ 
ent  our  analysis  of  the  theory  of  the  DSPV  spectroscopy, 
which  shows  that  the  DSPV  spectra  can  contain  signatures 
of  the  derivative  of  the  background  spectra,  as  well  as  other 
possible  sources  of  distortions  in  the  various  regions  of  spec¬ 
tra. 


Ilk  DERIVATIVE  OF  SURFACE  PHOTOVOLTAGE  (DSPV) 

The  theory  of  surface  photovoltage  has  been  treated  by  a 
number  of  authors.11  For  the  purpose  of  this  study,  the 
changes  in  the  surface  potential  of  a  semiconductor,  V„  in¬ 
duced  by  the  light  of  intensity  J0  and  wavelength  X  may  be 
written,  for  small  signals  (surface  photovoltage  <  surface 
potential),  in  the  form11 

V,fi)  =  HX)a(X)F{X),  (2) 

where 

F — F  JL j\t tji 

F  is  a  complicated  function  of  diffusion  length  Lv  ab¬ 
sorption  coefficient  a,  temperature  T,  Fermi  energy  Ef,  bulk 
carrier  lifetime  for  electrons,  holes,  and  concentrations  r», 
nh,pk,  respectively,  deep  levels  energy  E„  concentration  n„ 
photoionization  cross  sections  and  a  for  electrons 
and  holes,  respectively,  and  their  thermal  emission  rates  *„ 
and  tf ,  in  the  semiconductor,  as  well  as  the  effective  surface 
recombination  velocity  S.  The  exact  functional  dependence 
of  Fon  these  parameters  is  not  needed  for  our  discussion; 
however,  it  is  rather  important  to  note  its  implicit  wave¬ 
length  dependence  through  a{X )  <7^  {X ),  and  <7^(4  ).I{X  (is 
the  actual  photon  flux  entering  the  space-charge  region  of 
the  semiconductor.  Quite  often  in  the  past,  IJX ),  which  is  the 
incident  photon  flux  illuminating  the  MOS  structure,  has 
been  used  instead  ofI{X );  thus,  ignoring  the  spectral  depen¬ 
dence  of  the  transmittance  through  the  metal  and  the  insu¬ 
lating  layers  of  the  structure,  I  \X )  and  IJ^X )  are  related  by 

(3) 

In  essence,  the  wavelength  dependence  ofT(X  (is  due  to  the 
spectral  dependence  of  the  absorption  coefficient  of  the  light 
in  the  metal  and  insulator  layers,  the  reflection  coefficients  at 
the  interfaces,  and  the  interference  pattern  due  to  the  inter¬ 
nal  multiple  reflections  from  the  interfaces. 

Combining  Eqs.  (2)  and  (3)  we  have 

V,-IJMT\X)aV.\FU.),  (4) 

which  forms  the  basis  of  our  analysis  of  the  wavelength  mo¬ 
dulation  surface  photovoltage. 

If  the  wavelength  of  the  incident  light  beam  is  modulat¬ 
ed  as 

X  »  Xq  +  A  X  cos  at,  (5) 

where  A  X  and  o>  are  the  amplitude  and  the  frequency  of 
modulation,  respectively,  then  the  surface  photovoltage 
V,\X )  becomes  a  periodic  function  of  time,  V, 
{Xo  +  A  X  cos  at ).  For  small  A  X,  the  derivative  of  the  modu¬ 
lated  surface  photovoltage  is  given  by 


—  -/«**  )F(X  )F(X)42£i+  T(X  IF IX  )a(X)^ 

+i'Axmm)lI£l 

04 

+  10{X)T{X  )F{X)^^1.  (6) 

04 

It  must  be  added  that,  in  order  to  incorporate  the  response  of 
the  system  to  a  time  varying  incident  light  intensity,  the 
above  equation  must  be  multiplied  by  a  frequency  response 
function  G  However,  since  this  factor  is  to  first-order 
independence  of  the  wavelength,  it  is  treated  here  as  a  con¬ 
stant  of  proportionality. 

In  contrast  to  Eq.  ( 1 ),  Eq.  (6)  shows  that  the  DSPV  signal 
is  not,  in  general,  proportional  to  da/dX,  and  therefore  its 
various  terms  introduce  different  degrees  of  distortion  which 
depend  on  the  relative  size  of  their  spectral  changes  in  the 
spectral  region  of  interest.  The  most  notorious  source  of  the 
distortion  is  the  spectral  changes  of  I^X ),  the  background. 
The  distortion  introduced  by  70  is  present  in  all  four  terms  of 
Eq.  (6),  but  its  effect  is  most  dramatic  in  the  second  term, 
which  contains  dIJdX.  This  term  affects  the  DSPV  spectra 
in  the  near  infrared  region  of  spectra  which  corresponds  to 
the  sub-band-gap  transitions  in  some  semiconductors  (e.g.. 
Si,  GaAs),  as  well  as  in  the  ultraviolet  region  of  the  spectra 
where  the  interband  transitions  occur. 


IV.  DISCUSSION:  COMPARISON  OF  WAVELENGTH 
MODERATION  PHOTORESPONSE  AND  WAVELENGTH 
MODULATION  ABSORPTION/REFLECTION 
SPECTROSCOPIES 

The  structure  in  the  spectra  of  the  transmittance  T  ( X  ) 
and  its  derivative  dT /dX  are  caused  by  the  spectral  changes 
of  the  optical  constants  in  the  metal  and  the  insulating  lay¬ 
ers,  and  the  reflection  coefficient  of  the  semiconductor,  as 
well  as  the  interference  patterns  generated  because  of  the 
interfaces.  In  the  present  MOS  structure  the  optical  proper¬ 
ties  of  Au,  Si02,  and  Si  have  to  be  considered.  These  factors 
are  separately  discussed  below: 

(a)  The  spectral  changes  of  the  reflectivity  of  gold  71  (A  ), 
as  well  as  its  logarithmic  derivative  dR  /dX  occur  in  the  2.0- 
3.0  eV  region  of  the  spectra  and  are  primarily  due  to  the  d 
band  in  Fermi-level  transitions.13  Structure  in  the  spectrum 
of  the  derivative  of  its  transmission  coefficient  in  the  2.0-3.5 
eV  region,  have  also  been  observed. 

(b)  The  optical  constants  of  the  insulating  layer  (Si02) 
are  fairly  smooth  in  the  0.5-4.5  eV  region  of  the  spectrum,15 
and  therefore  are  not  expected  to  influence  the  line  shapes  of 
the  interband  transitions. 

(c)  The  spectral  changes  caused  by  the  interference  pat¬ 
tern  depend  on  the  thickness  of  the  layers,  their  index  of 
refraction,  and  the  spectral  region  of  interest.  Optical  inter¬ 
ference  patterns  have  been  studied  for  the  MIS  structures 
with  various  thicknesses  of  Au  and  Si02  layers  on  silicon 
substrates.16  The  signatures  of  such  interference  patterns 
have  also  been  observed  in  the  surface  photovoltage  spec¬ 
tra.17 
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(d)  Finally,  the  spectral  changes  in  the/I  {X  )  and  dR  /dX 
of  the  Si  substrate  contribute  significantly  to  the  spectra  of 
Tfi  )  and dT /dX,  and  hence  to  the  DSPV  spectra.  The  reflec¬ 
tivity  of  Si  and  its  logarithmic  derivative  obtained  by  the 
wavelength  modulation  reflectance  spectroscopy  has  been 
reported.' *• 19 

It  is  therefore  clear  that  the  spectra  of  T{X )  and  dT  /dX 
contain  substantial  structures  that  could  significantly 
change  the  line  shapes  of  the  absorption  obtained  from  the 
wavelength  modulation  surface  photovoltage,  as  well  as  oth¬ 
er  forms  of  wavelength  modulation  photoresponse  spectros¬ 
copies. 

In  contrast  to  the  wavelength  modulation  absorption/ 
reflection  spectroscopy,  removal  of  the  background  interfer¬ 
ences  IJX )  and  dlf/dX  from  the  DSPV  spectra  is  very  diffi¬ 
cult  To  date,  no  systematic  method  for  its  subtraction  has 
been  suggested.  We  suggest  a  technique  utilizing  a  double¬ 
beam  system  in  combination  with  a  reference  optical  detec¬ 
tor  and  feedback  loops  to  suppress  the  spectral  changes  of 
1JX )  and  dlJdX. 

For  this  purpose,  the  light  beam  from  the  exit  slit  of  the 
monochromator  in  DSPV  spectrometer  needs  to  be  split  by  a 
beam  splitter.  Both  beams  can  therefore  be  wavelength  mod¬ 
ulated  at  frequency  a>2.  One  of  the  beams  can  be  used  to 
illuminate  the  DSPV  sample,  while  the  other  beam  can  be 
chopped  at  frequency  <w,  and  then  incident  upon  an  optical 
detector.  The  output  of  the  detector  is  fed  into  two  lock-in 
amplifiers.  One  of  the  lock-in  amplifiers  (I)  is  tuned  to  <u,  to 
measure  the  light  intensity,  and  the  other  one  is  tuned  to  a>2 
to  measure  dIJdX.  Except  for  the  beam  splitter  and  the 
DSPV  sample,  this  is  similar  to  the  infrared  wavelength  mo¬ 
dulation  spectrometer  described  elsewhere.1  The  output  of 
the  lock-in  amplifier  (I)  can  be  used  in  a  negative  feedback 
loop  to  regulate  the  power  supply  of  the  light  source.  This 
arrangement  will  keep  the  light  intensity  constant  as  the 
wavelength  is  scanned.  The  output  of  the  lock-in  amplifier 
(II)  can  be  used  in  another  negative  feedback  loop  to  regulate 
an  intensity  modulator  to  keep  dlg/dX  equal  to  zero.  The 
intensity  modulator  can  be  placed  anywhere  in  the  light  path 
before  the  beam  splitter.  Its  modulator  frequency  should  be 
the  same  as  the  wavelength  modulator,  and  its  amplitude  can 
be  controlled  by  the  negative  feedback  loop  from  the  lock-in 
amplifier  (II).  One  such  intensity  modulator  has  been  used  in 
a  wavelength  modulation  reflectance  spectrometer  for  the 
same  purpose.’9  The  two  feedback  loop  systems  eliminate 
dlo/dX  and  the  spectral  changes  of  the  background  IJX )  to 
the  extent  that  it  is  smooth  in  the  spectra  region  of  interest 
This  is  not  possible  in  the  absolute  sense  nor  over  the  entire 
region  of  the  spectrum.  However,  what  is  needed  in  practice, 
is  to  have  detectors  whose  spectral  responsivity  are  flat  and 
smooth  compared  to  the  line  shapes  of  the  optical  transitions 
under  investigation. 

In  comparing  the  wavelength  modulation  techniques, 
the  wavelength  modulation  absorption/reflection  (WMA/ 
R)  spectroscopy  has  several  advantages  over  the  wavelength 
modulation  photoresponse  (WMPR).  The  WMA/R  method 


yields  unambiguous  line  shapes  for  the  optical  transitions, 
which  are  therefore  easier  to  interpret.  In  WMA/R,  the  only 
source  of  spurious  signals  is  the  background  spectrum  which 
can  be  completely  removed  in  a  systematic  way,  independent 
of  the  spectral  responsivity  of  the  detector.  Finally,  the 
WMA/R  is  a  nondestructive  method  which  can  be  applied 
directly  to  the  bulk  of  the  materials.  In  contrast,  the  WMPR 
measurements  often  require  fabrication  of  devices  in  the 
form  of  MIS,p-n  junction,  or  Schottky  barriers  which  could 
result  in  the  introduction  of  process  related  impurities  or 
defects  into  the  samples,  as  well  as  the  necessity  of  applying 
corrections  for  the  optical  properties  of  the  materials  used 
for  fabricating  the  structures. 

V.  CONCLUSIONS 

We  have  shown  that  contrary  to  the  previous  assump¬ 
tions,  the  DSPV  in  general  is  not  proportional  to  the  deriva¬ 
tive  of  the  absorption  coefficient.  A  general  formulation  of 
the  DSPV  was  derived  which  revealed  the  various  possible 
sources  of  spurious  interference  spectra.  The  effects  of  these 
interferences  on  the  line  shapes  of  optical  transitions  were 
studied.  A  practical  method  for  removal  of  the  main  source 
of  the  distortions,  i.e.,  the  background,  was  suggested. 
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It  is  important  to  be  able  to  nondestructively  characterize  ( “screen")  the  electrical  properties  of 
those  areas  of  HgCdTe  epitaxial  material  that  will  later  be  made  into  devices.  This  paper 
compares  several  noncontact  techniques  for  measuring  resistivity,  carrier  concentration,  and 
mobility  with  the  standard  Hall-effect  technique.  The  noncontact  techniques  e  lamined  are  far- 
infrared  reflection,  Raman  scattering,  eddy-current  absorption,  and  electrorefiectance.  Of  these 
techniques,  far-infrared  reflection  was  found  to  be  the  best  noncontact  technique  for  measuring 
resistivity,  carrier  concentration,  and  mobility.  Resistivity  values  were  within  a  factor  of  2  of  Hall- 
effect  values,  while  carrier  concentration  and  mobility  values  that  depend  on  an  assumed  effective 
mass  were  within  a  factor  of  3.  In  Raman  scattering,  interference  between  the  free-carrier 
plasmon-pbonon  mode  and  other  modes  makes  it  an  inaccurate  method  for  estimating  carrier 
concentration.  Eddy-current  absorption  is  useful  for  quickly  measuring  epitaxial  layer 
resistivities  to  within  a  factor  of  3  of  Hall-effect  values,  while  electroreflectance  gives  a  relative 
value  for  the  surface  doping  density,  which  is  useful  in  layer  profiling. 


I.  INTRODUCTION 

It  is  important  to  know  the  electrical  properties  of  HgCdTe 
starting  material  before  it  is  processed  into  devices.  The  stan¬ 
dard  techniques  for  doing  this,  Hall-effect  and  capacitance- 
voltage  testing,  involve  applying  contacts  to  and  processing 
a  small  piece  of  the  sample,  which  takes  this  region  out  of 
production  and  does  not  characterize  the  actual  material 
used  for  device  processing. 

This  paper  describes  the  use  of  far-infrared  reflection,  Ra¬ 
man  spectroscopy,  and  eddy-current  absorption  to  provide 
noncontact  electrical  characterization  of  epitaxial  HgCdTe 
so  that  the  characterized  material  can  still  be  used  for  device 
processing.  Electroreflectance  data  for  carrier  concentration 
is  also  presented,  since  this  technique  requires  ony  a  single 
edge  contact.  These  techniques  are  all  nondestructive  and, 
except  for  eddy-current  absorption,  allow  mapping  of  elec¬ 
trical  parameters  over  the  area  of  the  starting  material. 

Far-infrared  reflection  has  been  used  to  estimate  resistiv¬ 
ity,  carrier  concentration,  and  mobility  in  GaAs,'  CdTe,2 
and  PbSnTe.1  The  method  is  described  in  a  review  article,4 
and  initial  data  for  HgCdTe  has  been  reported  by  one  of  the 
present  authors.3  Eddy-current  absorption  is  a  standard 
noncontact  technique  used  in  the  Si  industry  for  measuring 
resistivity  in  wafers.4  In  the  Raman  technique,  a  coupled 
plasmon-phonon  mode  is  excited  in  the  surface  region 
( — 100  A  in  depth).  The  mode  frequency  can  be  used  to 
determine  the  surface-region  free-carrier  concentration.7  * 
In  the  electroreflectance  technique,  the  signal  strength  is 
proportional  to  the  surface-region  doping  density.  Surface 
mapping  of  doping  densities  has  been  demonstrated  for 
GaAs.9  The  issues  in  the  present  work  are  to  determine  the 
usefulness  of  these  techniques  for  HgCdTe  epitaxial  layer 


analysis  and  to  compare  techniques  that  measure  the  same 
electrical  parameters. 

Several  of  these  techniques  involve  reflected  light:  i.e.,  far- 
infrared  reflection,  Raman  scattering,  and  electroreflec¬ 
tance.  The  skin  depth  for  good  •  conductors  6  =  c/ 
(2i Tfitoa) 1  n  varies  inversely  with  the  square  root  of  the  opti¬ 
cal  conductivity  and  the  square  root  of  the  frequency.  Order- 
of-magnitude  values  are  — 100  A  for  the  visible  region  exci¬ 
tations  used  in  Raman  and  electroreflectance  and 
micrometers  for  the  far-infrared  reflection.  The  eddy-cur¬ 
rent  absorption  technique  averages  over  the  total  layer  thick¬ 
ness. 

II.  FAR-INFRARED  REFLECTION 

Free-carrier  absorption  in  a  semiconductor  is  proportion¬ 
al  to  ( wavelength )  ,2  and  in  the  far  infrared  it  becomes  strong 
enough  to  be  used  to  determine  the  resistivity,  free-carrier 
concentration,  and  mobility.  The  far-infrared  spectra  were 
taken  at  300  and  77  K  using  a  Fourier-transform  spectrom¬ 
eter  covering  the  range  from  10  to  250  cm-1.  The  samples 
were  both  n-  and  p-type  epitaxial  layers  of  Hg,  _  ,Cd,Te 
with  doping  concentrations  ranging  from  10'5  to  10'8  cm-3 
and  compositions  in  the  range  x  =  0.2  to  0.4.  The  samples 
were  —  0.5  X  0.5  cm  and  were  used  for  both  the  van  der  Pauw 
Hall-effect  measurements  and  the  far-infrared  reflectance 
measurements. 

Typical  data  are  shown  in  Fig.  1,  in  which  the  dots  are  the 
measured  data  points  and  the  solid  line  is  a  modeled  fit  to  the 
data.  The  least-squares  fit  to  the  reflectance  comes  from  a 
model  for  the  complex  index  of  refraction  h  that  includes  the 
free-carrier  contribution,  the  lattice  vibrational  modes,  and 
defect  vibrational  modes.  These  are  identified  in  Fig.  1.  The 
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Fig.  1.  Far-infrared  reflectivity  spectnim  for  HgCdTe  epitaxial  layer,  show¬ 
ing  free-carrier  absorption  region.  HgTe-  and  CdTe-like  vibrational  modes, 
and  structures  at  A,  B,  and  C  that  may  be  defect  local  modes  or  interference 
effects. 


equation  used  is 
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where  the  second  term  on  the  right-hand  side  is  a  summation 
over  lattice  and  impurity  vibrational  modes,  each  centered  at 
a  frequency  to,  with  a  damping  T,  and  strength  Sj ,  and  the 
third  term  on  the  right-hand  side  is  the  free-carrier  contribu¬ 
tion,  which  determines  the  plasma  frequency  o>p  and  the 
carrier  scattering  time  r.  These,  in  turn,  determine  the  car¬ 
rier  concentration,  mobility,  and  resistivity  by  the  expres¬ 
sions 
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Fig  2  Resistivity  measured  by  far-infrared  fitting  and  by  Hall  effect 
(•  300  K  full  fit.  Z  77  K  full  fit,  ■+■  300  K  minimum  fit) 
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Fig.  3  Carrier  concentration  measured  by  far-infrared  fitting  and  by  Hall 
effect.  (•  300  K  full  fit,  D  77  K  full  fit,  +  300  K  minimum  fit). 


N=a”m 


4ire 


(2) 


n  =  . 


er 


(3) 


m’ 


and 


P  = 


An 


Ne// 


* 


(4) 


Figure  1  indicates  that  the  dominant  vibrational  mode  at  1 20 
cm*'  is  the  HgTe-like  transverse  optical  mode,  which  we 
designate  as  or,. 

The  electron  effective  mass  values  as  a  function  of  x ,  T, 
and  A7  were  taken  from  work  by  Baars  et  al.,'°  while  a  value 
of  0.35  was  used  for  the  hole  effective  mass  ratio  ” 
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Fig.  4  Mobility  measured  by  far-infrared  fitting  and  by  Hall  effect  (•  300 
K  full  fit,  Z  77  K  full  fit.  +  300  K  minimum  fit ) 


.  "S'S  v-  v 

4  Jl »  A  m  MM  M  m  M*m  AM  1 H  »  to  tUm  Jkk 


Fig.  5.  Calculated  carrier  concentration  and  mobility  from  fit  to  far-in¬ 
frared  reflectivity  minimum  amplitude  and  frequency,  for  epitaxial  layer  at 
77  K,  with  x  —  0.2  and  thidmrw  15  fim. 

Comparisons  of  the  resistivities,  carrier  concentrations, 
and  mobilities  obtained  by  modeling  the  full  far-infrared  re¬ 
flectance  spectra  and  by  Hall-effect  analyses  are  shown  in 
Figs.  2,  3,  and  4.  The  resistivity  values  agree  within  a  factor 
of  2,  while  the  carrier  concentration  and  mobility  data  show 
different  systematic  displacements  at  room  temperature  and 
at  77  K,  causing  an  increased  data  scatter.  The  use  of  more 
accurate  temperature-dependent  values  of  effective  mass  is 
expected  to  bring  all  of  the  far-infrared  data  to  within  a  fac¬ 
tor  of  2  of  Hall-effect  values. 

A  simpler  and  faster  method  for  determining  the  resistiv¬ 
ity,  carrier  concentration,  and  mobility  is  to  determine  the 
position  and  amplitude  of  the  reflectivity  minimum  between 
the  free-canier  region  and  the  HgTe-like  vibrational  mode. 
This  type  of  analysis  has  been  reported  for  GaAs'  and 
CdTe.2  The  minimum  occurs  at  the  frequency  <a_,  the  lower 
coupled  plasmon-phonon  mode.  If  the  mobility  fi  is  large, 
this  is  given  by 

2o)\  =  +<o?) 

-  [(<u2  -a>?)2  +  4<uJ<u?(l  -cm/ct)]U2,  (5) 

where  a,  is  the  dominant  HgTe-like  longitudinal  optical  lat¬ 
tice  frequency  {a,  —  )'/2<u,}  and  em  and  e,  are  the 

high-frequency  and  static  dielectric  constants,  respectively. 
Parametric  curves  relating  the  carrier  concentration  and 
mobility  to  the  frequency  and  reflectivity  amplitude  at  the 
minimum  have  been  calculated.  An  example  for  n-type 
HgCdTe  with  x  =  0.2  at  77  K  is  shown  in  Fig.  5.  Resistivi¬ 
ties,  carrier  concentrations,  and  mobilities  estimated  in  this 
way  are  shown  for  room-temperature  data  in  Figs.  2,  3,  and 
4.  While  good  results  are  shown  in  the  figures,  the  accuracy 
of  this  reflectivity-minimum  analysis  is  lower  for  p-type  ma¬ 
terial  than  for  n-type.  Furthermore,  multilayer  structures, 
such  as  those  having  an  n- type  skin  on  a p-type  base,  or  layers 
with  mixed  conduction  ( as  occurs  in  an  intrinsic  sample ) ,  do 
not  exhibit  a  well-defined  minimum.  Other  structures  in  the 
reflectance  data  can  also  interfere  with  the  determination  of 
the  location  of  the  minimum,  as  is  shown  in  Fig.  1.  When  a 
distinct  minimum  can  be  seen,  the  analysis  is  quick  and  rea¬ 
sonably  accurate. 


III.  RAMAN  SCATTERING 

In  Raman  scattering,  the  plasmon-phonon  mode  pro¬ 
duces  a  peak  instead  of  a  minimum  As  in  the  reflectance- 
minimum  analysis,  the  peak  frequency  can  be  used  to  deter¬ 
mine  <u2  and  the  free -carrier  concentration.78  For  HgCdTe, 
the  peaks  have  been  found  to  occur  in  regions  where  other 
Raman  modes  make  the  identification  of  the  plasmon- 
phonon  mode  difficult  and  make  it  insensitive  to  carrier  con¬ 
centrations  below  1016  cm-3.  Raman  scattering  is  sensitive 
to  a  surface  layer  ~  100  A  deep.  This  makes  Raman  spec¬ 
troscopy  potentially  useful  for  measuring  carrier  concentra¬ 
tions  in  ion-implanted  materials,  but  it  is  too  insensitive  for 
general  epitaxial  layer  screening. 

IV.  EDDY-CURRENT  ABSORPTION 

In  eddy-current  absorption,  a  wafer  is  placed  between  an 
rf  source  and  a  pickup  coil.  The  power  loss  due  to  eddy  cur¬ 
rents  induced  in  the  sample  is  proportional  to  the  conductiv¬ 
ity  times  the  thickness  of  the  layer.6  Two  commercial  instru¬ 
ments'2  were  tested,  with  similar  results.  Data  in  Fig.  6  show 
a  variation  between  eddy-current  and  current-voltage  resis¬ 
tivity  values  of  a  factor  of  approximately  3.  In  this  case,  the 
current-voltage  analysis  was  done  on  a  small  piece  cleaved 
off  the  edge  of  the  wafer,  while  the  eddy-current  measure¬ 
ments  were  done  on  the  remaining  wafer,  which  could  have 
caused  some  of  the  data  scatter  shown. 

The  eddy-current  technique  tests  a  large  area,  requiring  a 
minimum  sample  size  of  —  S/8  X  S/8  in.  Both  vendors  sup¬ 
ply  a  standard  resistivity  meter  and  a  high-sensitivity  meter. 
The  standard  range  is  appropriate  for  bulk  HgCdTe  wafers, 
while  the  high-sensitivity  range  is  needed  for  thin  epitaxial 
layers.  The  technique  does  not  have  enough  sensitivity  to 
indicate  any  absorption  in  CdTe  semi-insulating  substrate 
material.  The  measurements  are  simple  and  take  only  a  few 
seconds  to  perform,  but  their  accuracy  for  determining  resis¬ 
tivity  is  only  within  a  factor  of  3. 


Fig.  6.  Resistivity  measured  by  eddy-current  and  current-voltage  tech¬ 
niques. 
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The  parameter  of  more  importance  is  usually  carrier  con¬ 
centration.  In  Si,  where  mobilities  can  be  accurately  estimat¬ 
ed  for  any  given  doping  concentration,  the  resistivity  mea¬ 
surement  can  be  used  to  give  carrier  concentration  values  by 
means  of  the  relation/?  =  Nqu.  In  HgCdTe,  the  error  in  re¬ 
sistivity  multiplied  by  the  uncertainty  in  the  mobility  pro¬ 
duces  errors  of  over  an  order  of  magnitude  in  estimating 
carrier  concentrations.  This  makes  the  technique  less  impor¬ 
tant  for  HgCdTe  than  it  is  for  Si. 

V.  ELECTROREFLECTANCE 

Electroreflectance  involves  immersing  the  sample  in  an 
electrolyte  so  that  an  ac  electric  field  can  be  applied  to  the 
surface.  The  ac  field  modulates  the  reflectance,  giving  a  nor¬ 
malized  reflectance  spectrum  at  a  singularity  in  a  band  den¬ 
sity  of  state  represented  by13 

J^L_Re| - (6, 

l[£, -£„+.T]'/,l 

where  ARK  —  ac  reflectance;  R  *.  reflectance;  N  =  doping 
density;  V—slc  modulation  voltage;  E,  =  energy  of  the  sin¬ 
gularity;  =  incident  light  energy;  n  =  5  for  the  £,  singu¬ 
larity;  6  =  a  phase  factor;  T  =  a  broadening  factor;  and  C  is 
a  constant  including  the  oscillator  strength  of  the  optical 
transition. 

Experimentally,  the  reflectance  signal  from  a  photomulti¬ 
plier  is  divided  and  sent  to  an  ac  amplifier  and  to  a  dc  amplifi¬ 
er;  the  latter  is  used  in  a  feedback  loop  on  the  photomulti¬ 
plier  power  supply  to  keep  R  dc  constant.  The  ac  amplifier 
output  is  then  proportional  to  &RK/R  .  The  ratio  removes 
any  amplitude  fluctuation  effects  in  the  signal  due  to  the 
lamp  or  the  optics.  A  computer  is  used  to  fit  the  observed 
data  to  Eq.  (6),  with  the  signal  strength  ( qNVC ),  6,  E, ,  and 
T  being  the  fitting  parameters.  The  signal  strength  is  propor¬ 
tional  to  the  net  doping  density  N  and  independent  of  the 
phase  $  or  the  broadening  T. 

Without  standards,  absolute  values  of  N  are  difficult  to 
obtain  using  this  technique,  as  the  voltage  drops  are  difficult 
to  measure  in  the  electrolyte,  the  surface  layers,  and  the 
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semiconductor.  For  this  study,  the  same  samples  were  used 
for  both  Hall-effect  measurements  and  electroreflectance 
measurements  at  room  temperature.  Full-temperature  Hall- 
effect  data  are  needed  for  p-type  samples,  since  the  net  dop¬ 
ing  density  is  not  given  by  single-temperature  Hall-effect 
data  in  the  transition  region  from  extrinsic  to  intrinsic  con¬ 
ductivity. 

Data  in  Fig.  7  show  a  good  one-to-one  relationship 
between  the  free-carrier  concentration  as  determined  by  the 
Hall  effect  and  the  electroreflectance  signal  strength.  The 
scatter  in  the  data  is  within  a  factor  of  approximately  2.  The 
data  include  both  n-  and  p-type  samples,  with  x  values 
between  x  =  0.2  and  x  =  0.35.  The  low  scatter  in  the  data 
implies  that  the  factor  C  in  Eq.  (6)  is  approximately  con¬ 
stant  over  this  range  in  x. 

The  technique  has  been  used  in  measuring  relative  free- 
carrier  concentrations  and  in  determining  electrical  junction 
locations  in  double-layer  devices  that  have  been  either  bevel- 
etched  or  step-etched.  Photoreflectance  techniques  in  which 
light  of  above-band-gap  energy  is  used  to  excite  carriers  that 
induce  a  surface  field  may  allow  the  measurements  to  be 
made  without  contacts  and  at  low  temperatures,  as  well.14 

VI.  CONCLUSIONS 

Of  the  techniques  studied,  far-infrared  reflection  gives  the 
most  complete  and  most  accurate  noncontact  characteriza¬ 
tion  of  electrical  properties.  It  can  be  used  to  determine  resis¬ 
tivity,  free-carrier  concentration  and  mobility,  and  to  map 
these  values  over  the  area  of  a  wafer  to  be  processed.  The 
agreement  of  the  far-infrared  values  and  Hall-effect  values  is 
within  a  factor  of  2  for  resistivity  and  within  a  factor  of  3  for 
carrier  concentration  and  mobility.  More  accurate  tempera¬ 
ture-dependent  effective  mass  values  should  bring  the  car¬ 
rier  concentration  and  mobility  data  to  the  same  agreement 
as  is  seen  in  the  resistivity  data.  The  data  analysis  using  the 
reflectivity  minimum,  while  easier  and  faster  than  a  full  fit  to 
the  data,  at  present  does  not  work  well  for  p- type  or  mixed- 
conduction  samples. 

Interference  of  other  effects  with  the  plasmon-phonon 
mode  in  Raman  spectra  makes  this  technique  too  inaccurate 
for  genera]  use  in  screening  material  for  carrier  concentra¬ 
tion  values. 

Commercially  available  eddy-current  resistivity  equip 
ment  allows  for  the  rapid  measurement  of  this  parameter  for 
epitaxial  HgCdTe  layers,  with  the  values  agreeing  within  a 
factor  of  3  with  current-voltage  data.  The  technique  is  not 
sensitive  enough  to  screen  semi-insulating  CdTe  substrates, 
however. 

Electroreflectance  signal  strength  can  be  used  to  give  rela¬ 
tive  doping  density  values  at  room  temperature  that  are  use¬ 
ful  in  mapping  wafer  uniformity  or  in  profiling  bevel-etched 
Or  stepetched  samples. 
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ARSENIC  GROWTH  Of  THE  GALLIUM  ARSENIDE  SURFACE  DURING  OXIDATION* 


R.  Martin  and  R.  Braunstein 
Department  of  Physics,  University  of  California, 
Los  Angeles,  CA  90024 


Abstract  -  Crystalline  Arsenic  was  observed  to  grow  on  the  surface  of 
GaAs  during  exposure  to  continuous-wave  laser  radiation.  A  study  of 
the  time  development  of  the  Arsenic  growth  as  revealed  by  Raman 
backscattering  indicated  that  a  surface  diffusion  process  was 
responsible  for  limiting  the  growth  process.  Temperature  measurements 
were  performed  from  which  the  diffusion  barrier  energies  were  obtained 
for  various  GaAs  samples.  From  these  results  the  diffusion  process  was 
shown  to  depend  on  the  Fermi  level  of  the  sample. 


Keywords:  Raman  scattering,  oxide  growth,  surface  diffusion,  barrier 
energies,  GaAs,  CdTe. 


1.  INTRODUCTION 


The  growth  of  an  oxide  on  a  I I I— V  compound  semiconductor  surface  is 
a  topic  of  current  research  with  both  technical  application  and  basic 
physical  Interest.  It  was  discovered  by  Schwarz,  et  allll,  that  when 
an  anodic  oxide  layer  is  annealed  at  a  suitable  temperature,  elemental 
Arsenic  appears  on  the  sample  surface.  Some  study  of  the  dynamics  of 
Arsenic  growth  were  pursued,  however  exact  mechanisms  have  yet  to  be 
ascertained.  Raman  backscatterlng  has  been  used  in  the  present  work  to 
study  the  dynamics  of  the  growth  of  crystalline  Arsenic  <c-As)  on  the 
GaAs  surface;  the  growth  rate  has  a  dependence  on  the  square-root  of 
time.  This  type  of  time  dependence  is  indicative  of  a  diffusion 
process.  The  temperature  dependence  of  the  diffusion  rate  was  measured 
on  a  variety  of  samples  with  different  carrier  concentration  and 
surface  orientation  to  obtain  the  diffusion  barrier  energy  E.  The 
results  indicate  a  dependence  of  E  on  the  Fermi  level  of  the  sample.  A 
similar  effect  occurs  on  the  surface  of  CdTe  in  that  with  sufficient 
heating  elemental  Te  appears. 


2.  EXPERIMENTAL 


By  using  514SX  laser  powers  of  1-3  watts,  with  a  spherical  lens  to 
focus  the  light  on  the  GaAs  sample,  it  was  found  by  Raman 
backscattering  that  crystalline  Arsenic  forms  on  the  surface.  This  is 
apparent  in  figs.  1  and  2,  where  each  Raman  spectrum  was  obtained  using 
a  low  laser  power  of  O.S  watt.  The  sample  was  heated  with  the  laser 
between  each  run  with  a  laser  power  of  two  watts  for  a  duration  of  one 
minute.  Figure  1  is  the  spectrum  of  an  unheated,  doped  sample  and 
shows  both  the  unscreened  LO  phonon  from  the  depletion  region,  and  the 
screened  LO  phonon  from  the  bulk.  Figure  2  shows  the  spectra  from  the 
same  spot  on  the  sample  but  after  the  high  intensity  illumination.  A 
lower  frequency  peak  is  observed  as  well  as  a  shoulder  on  the  screened 
LO  phonon  peak.  These  two  new  features  are  recognized  to  be  the  Raman 
peaks  of  crystalline  Arsenic  (c-Arsenic)tl] .  In  the  succeeding  Raman 
spectra  from  the  same  spot  on  the  sample  it  was  observed  that  these 
Arsenic  structures  grew  in  intensity  with  the  successive  heatings  via 
the  laser. 

The  kinetics  of  the  c-Arsenic  formation  was  monitored  by  setting 
the  spectrometer  on  the  lower  Arsenic  Raman  wavelength  and  recording 
its  intensity  as  a  function  of  time.  The  results  of  such  an  experiment 
is  displayed  in  Fig.  3  where  the  abscissa  is  time  and  the  ordinate  is 
the  intensity  of  the  Arsenic  Raman  peak.  If  the  Raman  intensity  is 
plotted  as  a  function  of  the  square-root  of  the  time,  the  data  is 
represented  by  a  straight  line  as  seen  in  Fig.  4.  From  this  it  may  be 
concluded  that  a  diffusion  process  is  occurring. 
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Arsenic  growth  on  GaAs  surfaces  has  been  seen  in  connection  with 
oxide  growth.  The  chemical  reaction  responsible  for  this  is, 
according  to  Schwarz! 21: 


(1) 


As.O  +  2GaAs  ■*  Ga_0„  ♦  4  As 

2  3  2  3 


That  the  As  growth  observed  in  the  present  work  is  a  product  of 
oxidation  was  concluded  by  noting  that  the  As  did  not  grow  under  the 
above  experimental  conditions  in  a  vacuum.  If  Indeed  oxide  was  formed 
it  should  have  been  possible  to  observe  the  oxide  by  Raman  scattering; 
however  no  AS2O3  lines  were  observed.  It  may  be  that  the  As203 
evaporated  off  of  the  surface,  considering  the  vapor  pressure  of  this 
compound  C31,  since  these  experiments  were  performed  at  temperatures  of 
400-550°  Kelvin.  Or,  at  any  given  time  the  actual  amount  of  As203  is 
too  small  to  be  seen  if  the  reaction  given  above  occurs  very 
efficiently.  Ga  0  has  not  been  seen  using  Raman  scattering  on 
oxidized  surfaces  and  it  is  generally  believed  that  its  scattering 
cross  section  is  too  small.  If  the  reaction  in  equation  (1)  occurs, 
then  we  are  left  with  a  surface  wherein  there  is  mainly  crystalline  As 
and  Ga  0  .  The  elemental  As  is  thought  to  grow  in  the  form  of  grains  on 
the  surface  and  as  yet  the  physical  form  of  the  Ga203  is  undetermined. 
On  these  same  samples,  Auger  and  ESCA  analyses  were  performed  to  see  if 
Ga203  may  be  detected  and  to  determine  the  chemical  states  of  the  As. 

Ho  shifts  in  the  Ga  ESCA  peak  were  observed  that  corresponded  to 


binding  with  Oxygen.  These  results  are  inconclusive,  since  the  actual 


area  where  the  laser-induced  As  growth  occurs  is  relatively  small,  so 
that  ESCA  signals  from  it  may  be  too  small  to  see. 


3.  DISCUSSION  OF  RESULTS 


The  process  of  oxide  growth  on  GaAs  is  as  yet  not  completely 
understood.  What  is  known  is  that  there  is  a  commonal ity  of  the 
oxidation  process  among  the  majority  of  III-V  compounds.  III-V 
compounds  will  be  henceforth  denoted  by  AB  where  A  and  B  designate 
column  three  and  five  elements  respectively.  What  can  occur  is  the 
following:  The  Oxygen  first  attaches  to  the  B  species  on  the  surface 
due  to  the  dangling  bonds  at  this  site.  This  may  occur  rapidly  until 
there  are  a  few  monolayers  of  oxide  present.  This  structure  then 
becomes  unstable  since  the  A203  binding  is  thermodynamically  more 
stable,  leaving  behind  elemental  B.  In  generally],  the  A203  compounds 
are  more  stable  and  less  volatile  than  the  B203  and  B  compounds. 
Therefore,  the  B203  and  B  molecules  will  sublimate  if  there  is  not  a 
thick  oxide  layer  to  block  this  process.  Furthermore,  in  order  for 
oxidation  to  proceed  it  is  necessary  for  the  B  atoms  to  diffuse  out  of 
said  oxide  layer  in  order  to  react  with  Oxygen,  or,  for  the  Oxygen  to 
diffuse  inward  through  the  layer  to  react  with  the  surface.  Various 
experlmentsCS]  using  Isotopes  of  Oxygen  suggest  that  the  Oxygen  does 
not  diffuse  in. 

A  GaAs  sample  was  heated  at  300°  C  for  an  hour  in  an  oxidizing 


atmosphere.  Prior  to  the  heating,  Raman  scattering  revealed  the 
absence  of  elemental  As  on  the  surface.  After  the  heating  the  Raman 
spectrum  revealed  a  small  amount  of  amorphous  As  but  no  As203-  This 
temperature  was  larger  than  any  obtained  by  laser  heating,  yet,  the 
growth  of  crystalline  As  was  not  observed.  Consequently,  it  is 
indicated  that  laser  radiation  enhanced  the  reactions  occurring  on  the 
surface.  Such  enhancement  has  been  observed  elsewhereC61  in  studies  of 
oxide  growth  on  GaAs  and  Si.  It  is  hypothesized  that  the  incident 
photons  break  bonds  so  that  the  surface  reactions  may  occur  more 
rapidly.  When  crystallization  of  As  proceeds  from  the  amorphous  state 
a  volume  contraction  of  172  occurs.  Therefore,  free  surface  must  be 
exposed  during  crystallization,  so  that  the  oxidation  continues  without 
being  limited  by  the  diffusion  of  species  through  a  thick  oxide  layer. 
Two  different  factors,  then,  cause  the  enhancement  of  oxidation  in  the 
laser  heating  process  from  the  above  considerations.  The  As  atoms 
created  on  the  free,  exposed  surfaces  diffuse  toward  the  crystalline  As 
grains  where  they  attach.  This  process  is  depicted  in  Fig.  5.  The 
time  dependence  of  the  growth  of  the  As  peak  yields  information  about 
surface-constrained  As  diffusion. 

Diffusion  in  a  solid  occurs  by  the  hopping  of  the  atoms  from  site 
to  site.  There  is  an  energy  barrier  that  must  be  overcome  by  the 
diffusing  atom  as  it  moves  from  one  site  to  a  neighboring  one.  In 
addition  there  is  a  certain  attempt  frequency  associated  with  for  the 
atom's  movement.  By  studying  how  the  diffusion  constant  changes  with 
temperature  it  is  possible  to  determine  the  barrier  energy  E.  This  was 
accomplished  by  obtaining  curves  similar  to  Fig.  4  using  different 
incident  laser  powers,  and  then  finding  the  corresponding  sample 


temperatures.  To  find  the  temperature  as  a  function  of  laser 
intensity,  the  results  of  ChangC7]  were  used.  Chang,  et  al.,  measured 
the  LO  and  TO  peak  positions  of  GaAs  for  varying  temperatures.  They 


found  a  peak  shift  of  0.016  cm-1/°K  for  both  phonons.  This  result  was 
applied  here  by  measuring  the  LO  peak  position  as  a  function  of 
incident  laser  intensity.  This  data  was  reduced  to  obtain  the  graph  of 
temperature  vs.  laser  power  in  Fig.  6.  The  straight  line  is  the  least 
square  fit  of  the  data.  By  using  the  slopes  of  these  graphs,  and 
assuming  that  the  sample  temperature  at  zero  laser  power  is  300°K,  the 
temperature  for  each  laser  intensity  used  in  the  diffusion  runs  may  be 
obtained. 

If  the  Arsenic  atoms  are  diffusing  towards  the  crystalline  Arsenic 
grains,  then  the  results  of  the  theory  of  the  random  walk  are 
applicable  here.  The  root -mean-square  distance  from  the  origin  a 
randomly  walking  particle  has  traveled  in  the  time  t  is  given  bv: 


(2) 
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where  D  is  the  diffusion  constant.  The  diffusion  constant  has  a 
temperature  dependence: 


.  -E/kT 
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where  E  is  the  previously  mentioned  barrier  energy.  If  the 
crystalline  Arsenic  grains  are  acting  as  sinks  for  the  diffusing  atoms 
then  they  must  grow  according  to: 


(4)  N^t) 


N0c <  4Dt ) 


V2 


where  c  is  a  constant,  the  interpretation  of  which  will  be  discussed 
later.  N0  is  the  total  number  of  Arsenic  atoms  generated  in  the 
process.  It  is  assumed  that  this  does  not  vary  with  the  sample  since 
the  surfaces  are  rough  enough  so  that  the  orientation  is  unimportant, 
and  because  for  the  case  of  the  doped  sample,  the  concentration  of 
impurities  on  the  surface  is  less  than  1/10  of  that  of  the  intrinsic 
atoms.  If  IQ  and  o  are  the  incident  light  intensity  and  Raman 
scattering  cross  section  respectively,  then  the  time  dependence  of  the 
crystalline  Arsenic  Raman  peak  is  given  by: 


<S>  IAa<t>  =  I0N0oc<4Dt)Vz. 


The  plots  of  Raman  intensity  as  a  function  of  the  square  root  of 


time  such  as  Fig.  4  then  will  have  a  slope  equal  to: 


The  slopes  of  such  graphs  are  taken  for  different  temperatures  of 
the  sample  and  then  divided  by  incident  intensity  to  yield  the 
normalized  slopes: 

(7)  H  =  N0oc 

By  squaring  and  taking  the  logarithm  of  both  sides  of  the  above 
equation  we  obtain 

(8)  log  q2  =  log  4DoNq02c2  -  ^ 

2 

which  indicates  that  the  slope  of  a  plot  of  log  q  versus  1/T  will 
yield  the  diffusion  barrier  energy  E. 

Table  1  lists  the  samples  studied  in  the  above  described  manner 
with  their  measured  barrier  energies.  The  graphs  corresponding  to 
equation  8  are  displayed  in  Figs.  7-9.  In  these  graphs  the  straight 
line  is  the  least  square  fit  of  the  experimental  data  points  which  are 
represented  by  the  circles.  By  using  radioactive  tracer  techniques, 
GoldsteinC81  determined  that  the  barrier  energy  for  Arsenic  in  the  bulk 
of  a  GaAs  crystal  is  10.2  ev.  Since  the  barrier  energies  found  in  this 
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study  are  quite  smaller  than  this,  it  is  concluded  that  the  diffusion 
observed  here  is  constrained  to  the  surface.  These  barrier  energies 
may  be  compared  with  a  result  obtained  by  SchwarzC93,  in  a  similar 
study,  on  c-As  growth  during  annealing  of  an  anodic  oxide  layer. 
SchwarzCSl  obtained  a  barrier  energy  of  approximately  2  ev  by  measuring 
the  As  peak  intensity  between  successive  anneals.  The  anneals  for  each 
series  were  performed  at  different  temperatures.  Only  the  first  part 
of  the  As  growth  curve  was  obtained  in  this  way.  This  part  of  the 
curve  corresponds  to  the  steepest  part  of  the  curve  in  Fig.  3. 
SchwarzC91  analyzed  his  data  as  linear  in  time  to  obtain  the  2  ev 
barrier  energy.  The  analysis  performed  in  the  present  study  utilized 
the  whole  curve  and  its  observed  dependence  on  the  square-  root  of 
time.  Also,  the  c-As  growth  observed  here  took  place  in  connection 
with  extreme  light  Intensities.  The  energy  measured  by  Schwarz! 91  was 
interpreted  to  be  a  reaction  barrier  energy.  With  consideration  of  the 
results  obtained  here  the  2  ev  energy  is  interpreted  to  include  an 
approximately  0.4  ev  diffusion  energy  plus  an  approximate  1.6  ev  "true" 
reaction  barrier  energy.  The  intense  flux  of  2.4  ev  photons  utilized 
here,  could  help  the  reactants  overcome  the  reaction  barrier  energy,  so 
that  the  diffusion  part  of  the  c-As  growth  is  emphasized  in  the  time- 
dependent  measurements.  This  process  is  consistent  with  the  previously 
noted  enhancement  of  oxidation  with  extreme  light  intensities  observed 
by  other  workersC61. 

Furthermore,  this  model  explains  the  N0  in  equation  3  as  being 
independent  of  temperature  and  laser  light  intensity.  The  temperature 
independence  is  seen  by  the  chemical  reaction  occurring  through 
interaction  with  photons  in  order  to  overcome  the  reaction  barrier 
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energy.  Laser  intensity  independence  occurs  through  the  necessity  of 
Oxygen  to  encounter  bare  surface  in  order  for  the  reaction  to  be 
initiated.  The  amount  of  bare  surface  is  limited  by  the  c-As  grain 
size  and  the  amount  of  Ga  0  present. 

4  O 

From  table  1  it  is  seen  that  two  of  the  sample  surfaces  had  a  (100) 
orientation,  however  one  was  semi-insulating  and  the  other  was  n-type 
doped  at  approximately  2xl018  charge  carriers/cm3.  The  difference  in 
barrier  energies  could  be  ascribed  to  different  charge  states  of  the 
diffusing  Arsenic  atomstlOI.  The  difference  in  the  position  of  the 
Fermi  levels  of  the  two  samples  will  determine  the  charge  state  of  the 
surface  defects.  Equation  7  not  only  yields  the  barrier  energy,  but 
also  differences  in  the  "sticking  coefficient"  c  by  using  the 
intercepts  of  the  plots  in  Figs.  7-9.  This  is  seen  by  noting  that, the 
intercept  is  equal  to: 

(9)  log  4D0N^aZc2. 


If  the  other  parameters  are  invariant  with  respect  to  sample  then  the 
ratio  of  the  sticking  coefficients  of  the  two  samples  may  be  found  by: 


(10) 
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The  sticking  coefficient  for  the  n-type  sample  is  found  to  be  3.8 


times  as  large  as  that  of  the  semi-insulating  sample.  Again,  the 
charge  state  of  the  migrating  Arsenic  atoms  could  explain  this,  since, 
there  will  be  an  image  charge  in  the  crystalline  Arsenic  grain  when  a 
diffusing  atom  comes  near.  This  image  charge  causes  an  attractive 
force  between  the  atom  and  the  grain,  hence  the  sticking  coefficient  is 
larger.  This  also  means  that  the  Arsenic  atoms  on  the  semi-  insulating 
surface  are  neutral,  while  the  atoms  on  the  doped  sample  surface  are 
charged  and  are  acceptors,  since  they  became  occupied  with  increase  in 
the  Fermi  energy.  The  above  interpretation  of  the  sticking  coefficient 
gains  further  support  in  that  the  intercept  for  the  (111)  sample  was 
roughly  equal  to  that  of  the  semi-insulating  (100).  By  using  the  above 
analysis  as  described  in  equation  9,  this  means  that  the  two  samples 
have  equal  sticking  coefficients.  The  (111)  sample  is  Chromium  doped 
and  hence  is  also  semi-insulating.  Therefore,  since  its  Fermi  level  is 
in  the  same  place,  the  Arsenic  atoms  on  its  surface  are  in  the  same 
charge  state  as  the  (100)  semi-  insulating  samples.  A  larger  barrier 
energy  for  the  (111)  surface  may  be  a  result  of  a  different  morphology 
at  this  orientation.  Various  structures  have  been  observed  on  this 
surfaceC31.  That  these  surfaces  are  good  (100)  or  (111)  planes  is 
arguable.  They  probably  have  many  hills  and  valleys,  so  that, 
ascribing  to  them  properties  associated  with  flat,  planar  surfaces  of 
their  respective  orientations  is  only  an  approximation.  The  dominant 
difference  in  barrier  energy  for  the  three  samples  may  be  interpreted 
as  being  due  to  the  charge  state  of  the  diffusing  Arsenic  atoms  while 
surface  orientation  may  play  a  weaker  role 


A  similar  study  to  that  of  GaAs  was  performed  on  surfaces  of  CdTe 
and  HgCdTe  when  subjected  to  heat  treatment.  These  measurements  reveal 
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the  growth  of  elemental  Tellurium.  The  growth  of  Te  is  a  major  problem 
when  using  Raman  scattering  to  study  these  materials.  At  room 
temperature  relatively  low  incident  light  levels  will  induce  its 
growth.  A  time  dependent  growth  curve  for  the  Te  peak  on  an  initially 
clean  Cd Te  surface  is  shown  in  Fig.  10.  There  is  a  resemblance  to  the 
cui  ve  of  Fig.  3  for  the  growth  of  As  on  GaAs.  It  was  found  that  if  the 
focusing  of  the  incident  light  on  GaAs  were  not  done  correctly,  the  As 
growth  curves  had  a  rough  appearance  as  seen  in  Fig.  10  for  CdTe.  At 
only  an  empirically  found  critical  distance  between  the  focusing  lens 
and  the  sample,  was  a  relatively  smooth  growth  curve  be  obtained.  This 
is  probably  due  to  the  size  of  the  As  grains,  and  possible  ovei — 
excitation  of  the  sample  due  to  too  high  a  light  intensity. 

Sublimation  effects  may  occur  on  an  ovei — heated  surface  which  will  be 
more  pronounced  with  smaller  grain  size.  A  similar  critical  focusing 
of  incident  light  may  exist  for  CdTe  that  would  create  smooth  growth 
curves  for  Te.  The  curve  in  Fig.  10  is  suggestive  that  a  diffusion 
process  is  occurring  for  Te  growth  on  CdTe  that  is  like  that  of 
As  on  GaAs.  This  would  be  the  subject  of  future  studies  in  this 
laboratory. 


4.  CONCLUSIONS 


The  present  study  of  the  time  dependence  of  the  growth  of  c-Arsenic 
during  the  oxidation  of  the  surface  of  GaAs  as  monitored  by  Raman 
backscatter ing  indicates  that  a  surface  diffusion  process  rather  than 
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bulk  diffusion  is  operative  for  the  production  of  elemental  Arsenic. 

An  enhancement  of  the  growth  of  c-Arsenic  was  observed  due  to  S14S& 
illumination.  These  measurements  have  shown  that  the  surface  diffusion 
barrier  energies  and  sticking  coefficients  involved  in  Arsenic  grain 
growth  are  determined  by  the  charge  state  of  the  grains  which  is 
determined  by  the  Fermi  level  of  the  GaAs  substrate.  Preliminary 
measurements  on  CdTe  surfaces  indicate  similar  results  for  the  growth 
of  elemental  Te.  The  present  work  indicates  that  Raman  backscattering 
is  a  useful  tool  for  studying  nucleation  processes  during  interface 
growth. 
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Flgure  Captions 


Figure  1.  GaAs  Raman  spectrum  before  intense  illumination. 


Figure  2.  GaAs  Raman  spectrum  after  intense  illumination. 


Figure  3.  Intensity  of  c-As  Raman  peak  as  a  function  of  time. 


Figure  4.  Intensity  of  c-As  Raman  peak  as  a  function  of  the  square 
root  of  time. 


Figure  S.  Growth  of  c-As  grains  on  a  surface 


Figure  6.  Temperature  of  sample  versus  laser  power  for  (100)  semi- 
insulating  GaAs. 


Figure  7.  Log  q  versus  reciprocal  temperatures  for  (100)  semi- 
insulating  GaAs. 


F  ire  8.  Log  q  versus  reciprocal  temperatures  for  (100)  n-type  GaAs 


Figure  9.  Log  q  versus  reciprocal  temperatures  for  (111)  semi- 
insulating  GaAs. 


Figure  10.  Intensity  of  c~Te  Raman  peak  as  a  function  of  time. 
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DEEP  LEVELS  IN  SEMI-INSULATING, 


LIQUID-ENCAPSULATED-CZOCHRALSKI  Q60WN  GaAs  * 


N.R.  BURD  AND  R.  BRAUNSTEIN 
Department  of  Physics,  University  of  Calfornia 
Los  Angeles,  CA  90024 


Abstract  -  Photo-induced-transient-spectroscopy  was  performed  on 
variously  heat-treated  samples  of  serai-insulating  liquid-encapsulated- 
Czochralski  grown  GaAs.  Seven  deep  levels  at  0.S7,  0.S2,  0.42,  0.36, 
0.27,  0.22,  and  0.18  eV  were  observed.  These  levels  can  be  identified 
with  levels  seen  using  other  deep  level  techniques  and  a  variety  of 
crystal  growth  and  sample  preparation  techniques.  The  levels  at  0.52, 
0.42,  and  0.36  eV  can  be  annealed  out  by  heat  treatment.  These  levels 
therefore  seem  to  be  associated  with  structural  defects  rather  than 
impurities. 

Keywords:  Photo-induced-transient-spectroscopy,  deep  levels,  semi- 
insulating,  annealing. 


1.  INTRODUCTION 


The  deep  levels  present  In  GaAs  which  have  been  prepared  by  various 
growth  techniques  are  of  current  technological  and  scientific  interest. 
Unforturnately,  in  many  of  the  studies  done  on  samples  produced  by  a 
particular  growth  method  the  measurement  techniques  used  tended  to 
obscure  some  of  the  deep  levels  which  may  have  been  present  at  the  time 
of  growth.  For  instance,  the  use  of  deep  level  transient  spectroscope 
Cll  requires  the  construction  of  a  diode  structure  from  the  sample  to 
be  studied  causing  the  sample  to  be  subjected  to  relatively  high 
temperature  annealing.  Such  temperature  treatment  can  remove  or  add 
defects  that  give  rise  to  certain  deep  levels,  making  them  impossible 
to  study  in  as  grown  material. 

The  purpose  of  this  study  was  to  investigate  the  deep  levels 
present  in  samples  of  liquid  encapsulated  grown  Czochralski  (LEC)  C21 
semi-insulating  GaAs.  To  accomplish  this,  photo-induced-transient 
spectroscopy  was  used  as  the  measurement  technique  for  detecting  deep 
levels  In  the  sample.  This  method  was  chosen  for  two  reasons:  First, 
it  is  a  technique  for  detecting  deep  levels  in  semi-insulating 
material,  and,  second,  the  preparation  of  samples  for  this  techinque 
involves  only  a  small  amount  of  heat  treatment  allowing  study  of 
annealable  deep  levels  which  may  have  been  introduced  during  the  growth 
process . 


Measurements  were  made  on  samples  which  had  been  subjected  to  a 
variety  of  heat  treatments  with  the  purpose  of  giving  some  evidence 
for  possible  defect  structures  which  may  be  causing  the  deep  levels. 
Using  these  methods  seven  deep  levels  were  observed  with  most  of  them 
being  readily  identified  with  deep  levels  seen  in  other  works 
involving  other  deep  level  techniques. 
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2.  EXPERIMENTAL  TECHNIQUES  AND  SAMPLE  PREPARATION 


The  method  used  to  detect  the  presence  of  the  deep  levels  in  the 
samples  was  photo-induced-transient  spectroscopy  131.  This  technique 
involves  pulsing  a  monochromatic  light  source  at  a  sample  of  GaAs  which 
has  a  bias  voltage  applied  across  contacts  on  its  surface.  The 
transient  current  which  follows  the  termination  of  the  light  pulse  is 


then  measured.  If  the  trap  being  seen  is  an  electron-like  trap  and  the 
light  intensity  is  sufficient  so  that  a  saturated  condition  is  achieved 
for  the  photo-current,  then  the  form  of  the  transient  current  becomes: 


<5i(t)  =  CNj  en  exp(-ent) 


where  en  is  the  emission  rate,  Nj  is  the  trap  concentration,  and  C  is 


m 


a  constant.  When  this  equation  is  differentiated  with  respect  to 
temperature  the  following  results: 
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It  can  be  seen  that  an  extremum  occurs  when  t=l/en.  Therefore,  by 
choosing  a  time  after  the  termination  of  the  light  pulse  and  plotting 
the  magnitude  of  the  transient  current  as  a  function  of  temperature,  a 
series  of  peaks  are  obtained.  Each  peak  corresponds  to  a  different 
deep  level  with  the  position  of  the  peak  occurring  at  a  temperature, 
Tm,  where  the  level's  emission  rate  is  equal  to  the  reciprocal  of  the 
time  chosen.  By  graphing  the  transient  current  values  at  different 
times  as  a  function  of  temperature,  several  values  of  Tm  can  be 
obtained  for  the  different  values  of  the  time,  t.  Assuming  the  form 
for  en  [61  is: 


<3)  en  =  yn  T2  [ana>  gn  exp<a/k>]  exp  (-E^/kT). 


where  E^  is  called  the  activation  energy  and  ona  =  <ona0  gn  exp  <a/k>> 
is  the  apparant  cross-section.  A  plot  of  log(T2t)  versus  1/T  will 
yield  a  straight  line  graph.  The  value  for  yn  has  been  determined  to 
be  (4V6  ti3/,2  h-3  mn*  k+2>  [111.  For  electrons  this  equals  2.28  *  102° 
cm-2s-1k-2  C61.  Putting  in  the  effective  mass  term  for  holes  yields  a 
value  of  1.7  «  1021  cm-2s-1k-2[ 5 1 .  This  straight  line  graph  or  the 
combination  of  E ^  and  ona  (<jpa  for  holes)  is  called  the  signature  of 
the  deep  level  and  is  a  method  for  identifying  a  deep  level. 

The  photo-induced-transient  spectroscopy  (P.I.T.S.)  apparatus  C41 
consisted  of  a  dewar  in  which  the  samples  could  be  cooled  to  liquid 
nitrogen  temperature.  There  were  windows  in  the  dewar  to  allow  the 
light  pulses  from  the  two  light  sources  used  for  this  experiment  to 
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strike  the  samples.  The  light  sources  used  were  a  He-Ne  laser  and  a 
GaAs  light  emitting  diode  which  gave  light  at  energies  greater  than  and 
less  than  the  band  gap  respectively.  The  temperature  of  the  sample  was 
monitored  by  a  thermocouple.  The  current  through  the  sample  was 
measured  as  a  voltage  across  a  resistor  which  was  placed  in  series  with 
the  sample  and  the  DC  power  supply  which  provided  the  bias  voltage  to 
the  sample.  The  apparatus  was  controlled  and  the  temperature  and 
transient  current  were  read  by  a  CAMAC  data  acquisition  system  under 
the  control  of  an  LSI-11/23  computer.  A  representation  of  the 
transient  current  was  obtained  at  each  temperature  by  having 
the  computer  read  the  voltage  across  the  series  resistor  at  several 
regularly  spaced  times  following  each  pulse  of  light.  This  allowed  a 
complete  set  of  data  to  be  obtained  in  only  one  temperature  scan. 

Figure  1  shows  a  block  diagram  of  the  P.I.T.S.  apparatus  while  Fig.  2 
shows  the  flow  diagram  for  the  computer  program  which  controls  the 
system. 

All  of  the  samples  used  in  this  study  were  LEC  grown  GaAs  and  were 
semi-insulating  because  of  the  deep  levels  which  were  caused  by  the 
growth  process  as  opposed  to  being  deliberately  introduced  into  the 
samples  by  doping  with  materials  such  as  Cr.  One  sample,  M177, 
however,  did  have  a  layer  of  GaAs  grown  on  it  by  molecular  beam 
epitaxy.  A  summary  of  the  treatment  samples  is  presented  in  Table  1. 

Samples  M039,  M040,  and  M25-2  had  no  heat  treatment  performed  on 
them  until  they  had  first  been  tested  for  deep  levels;  then  the  same 
samples  were  annealed  and  redesignated  M039  ann,  M043  ann,  and  M25-2 
ann.  The  annealing  process  involved  raising  their  temperature  in  a 
nitrogen  atmosphere  over  a  period  of  one  hour  from  room  temperature 
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to  700K.  They  were  left  at  this  temperature  for  four  hours  and  then, 
over  a  period  of  one  hour,  their  temperature  was  lowered  back  to  room 
;  temperature.  After  being  tested  for  deep  levels  sample  M039  ann  was 

'  given  another  heat  treatment  and  redesignated  M039  que.  This 

! 

|  particular  heat  treatment  Involved  raising  its  temperature  to  700K 

over  a  period  of  one  hour.  The  sample  was  left  at  this  temperature 
for  a  period  of  three  hours  and  then  was  cooled  back  down  to  room 

* 

|  temperature  in  approximately  ten  seconds. 

Samples  M25-2I,  D9,  M02S  and  M177  had  ion-implanted  electrical 
'  contacts.  This  process  involves  masking  the  samples  and  implanting  Si 

i 

ions  into  the  surface  at  extremely  high  concentrations  such  that  the 

i 

conductivity  becomes  very  large  in  the  implanted  regions.  The  samples 
are  then  given  a  high  temperature  anneal  to  drive  in  the  Si  and  remove 
|  some  of  the  damage  caused  by  the  implantation  process.  The  electrical 

contacts  on  all  of  the  other  samples  were  made  by  soldering  In  to  the 
surfaces  of  the  samples  with  an  ultrasonic  soldering  iron.  The 
|  soldering  process  was  performed  as  quickly  as  possible  in  order  to 

minimize  the  amount  of  heating  the  samples  were  subjected  to. 


3.  RESULTS  AND  DISCUSSIONS 


The  signatures  of  all  the  deep  levels  seen  in  all  of  the  samples 
tested  are  complied  in  Fig.  3,  while  a  tabulation  of  which  levels  were 
present  in  a  given  sample  is  displayed  in  Table  2.  As  can  be  seen 


there  is  a  rich  spectrum  of  deep  levels  in  the  samples  which  were  not 
subjected  to  any  heat  treatment,  these  being  M039,  H043,  and  M2S-2. 

For  several  of  the  deep  levels  definite  patterns  of  behavior  can  be 
seen  with  regard  to  the  heat  treatment  given  the  various  samples.  As 
can  be  seen  by  comparing  Fig.  4  to  Fig.  S,  the  difference  between  an  as- 
grown  sample  and  the  same  sample  after  being  subjected  to  heat 
treatment  is  quite  significant.  Table  3  shows  a  listing  of  all  the 
observed  deep  levels'  activation  energies  and  emission  sections. 

The  level  with  an  activation  energy  of  0.18  eV  has  a  signature 

which  matches  that  of  the  deep  level  designated  as  ELIO  and  observed  in 

other  studies  [61.  As  can  be  seen  in  Table  3  it  has  a  ona  equal  to  1.5 
*  10“15  cm2.  The  best  identification  of  the  level  with  the  activation 
energy  of  0.22  eV  is  EL17  [81.  The  level  being  an  electron  level 
yields  ona  equal  to  l.S  »  10-1<*cm2.  The  best  fit  to  the  signature  of 
0.36  eV  occurs  for  the  deep  level  designated  as  HL7  [51.  The  hole 
nature  of  the  level  yields  crpa  equal  to  5.6  *  10“13  cm2. 

The  deep  level  listed  in  Table  3  with  an  activation  energy  of  0.56 
eV  has  a  signature  which  is  an  excellent  fit  to  that  of  the  level 

designated  in  other  studies  as  HL3  C 5 1  yielding  a  opa  equal  to  1.4  * 

10~15  cm2.  This  particular  deep  level  has  been  found  to  correspond  to 
the  presence  of  iron  in  the  samples  tested  in  other  works.  This  is 
supported  here  by  the  fact  that  the  level  appears  in  all  of  the 
samples  used  in  this  study  which  gives  greater  weight  to  the  level 
being  associated  with  a  chemical  impurity  rather  than  just  a  crystal 
imperfection.  Another  feature  which  supports  this  identification  is 
the  presence  of  this  level  in  the  MBE  sample  M177.  It  is  known  that 
iron  is  a  fast  diffuse  in  GaAs  C71  and  tends  to  migrate  toward  the 
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surfaces  of  a  sample.  The  presence  of  the  0.S6  eV  deep  level  in  the 
MBE  sample  would  imply  that  the  iron-associated  defect  has  migrated 
from  the  LEC  substrate  into  the  MBE  layer  during  either  the  MBE 
process  or  the  ion-  implantation  of  the  electrical  contacts. 

The  deep  level  with  a  signature  which  most  closely  matches  that  of 
the  level  with  the  activation  energy  of  0.42  eV  is  HB5  which  is 
believed  to  be  the  same  level  as  HL5  CS1.  This  particular  level  is 
thought  to  be  associated  with  a  native  defect  in  the  crystal.  This  is 
supported  in  this  study  by  the  fact  that  it  is  readily  annealed,  as 
can  be  seen  in  Table  2  since  it  does  not  appear  in  any  of  the  heat 
treated  samples  except  M039  que .  The  fact  that  it  reappears  in  the 
quenched  sample  means  that  it  can  be  easily  reintroduced  by  "freezing 
in"  the  high  temperature  concentration  of  these  imperfections. 

A  multilevel  defect  complex  with  a  resonant  optical  absorption 
peak  near  0.40  eV  with  two  side  lobes  was  previously  observed  in  the 
same  samples  of  the  present  study  using  the  sensitivity  of  wavelength 
modulation  absorption  [91.  The  peak  magnitude  and  the  detailed  shape 
as  well  as  the  side  lobes  of  this  structure  varied  from  sample  to 
sample  indicating  that  the  structure  is  probably  due  to  a  defect 
complex  formed  during  growth  and  was  not  due  to  a  multi-level 
impurity.  Heat  treatment  similar  to  that  performed  in  the  present 
work  showed  that  the  spectra  at  0.40  eV  annealed  out.  These  optical 
experiments  indicated  that  the  structure  is  due  to  a  defect  or  defect 
complex  with  two  main  levels  separated  by  0.40  eV  which  may  split  into 
more  levels  or  form  complexes  depending  upon  the  nature  of  defects 
immediate  environment  resulting  from  a  previous  thermal  history.  The 
possible  correlation  of  the  0.40  eV  level  observed  in  the  previous 


optical  work  and  the  present  P.I.T.S.  measurements  is  intriguing. 
Houever,  an  exact  correlation  between  the  levels  observed  by  the 
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wavelength  modulation  absorption  and  the  level  detected  by  P.I.T.S. 
must  take  into  account  the  fact  that  the  latter  essentially  yields 
information  on  the  thermal  emission  from  the  level  to  the  band,  where 
as  the  former  gives  information  about  the  intra-center  transitions. 

There  is  some  difficulty  in  assigning  a  designation  to  the  0.27  eV 
level  in  that  its  signature  lies  almost  halfway  between  the  signatures 
of  EL8  and  HL12  CS1.  Assuming  it  is  one  of  the  two  and  not  a  newly 
seen  level,  the  feature  which  lends  more  weight  toward  identifying  it 
as  HL12  is  that  the  level  appears  in  all  of  the  samples  except  the  MBE 
samples.  HL12  has  been  seen  in  samples  which  contain  zinc,  a  chemical 
impurity,  and  is,  therefore,  not  as  likely  to  be  affected  by 
annealing.  As  can  be  seen  in  Table  3  this  identification  results  in 
opa  being  equal  to  3.8  «  10~15  cm2. 

The  best  candidate  for  the  identification  of  the  deep  level  seen  at 
an  energy  of  0.S2  eV  is  a  somewhat  unconventional  band  seen  in  samples 
which  have  undergone  ion-implantation  using  boron  as  the  bombarding 
ions  CIO],  This  boron-implantation  produced  defect  structures  which 
were  annealable  and  the  energy  band  associated  with  them  has  a  peak  at 
tempertures  which  agree  with  those  seen  for  the  level  in  this  work. 
Since  there  is  most  likely  boron  present  in  the  samples  used  in  this 
study  Clll,  and  since  the  band  is  associated  with  boron  the  evidence 
for  associating  the  level  seen  in  this  work  with  the  so-called  U-band 
reported  in  the  literature  CIO]  seems  strong.  The  reason  that  this 
defect  produced  a  clear  level  in  the  samples  studied  here  while  a  band 
was  seen  in  the  samples  which  were  boron-  implanted  would  seem  to  be 
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due  to  the  difference  in  the  manner  in  which  the  boron  was  introduced 


into  the  samples.  The  associated  damage  produced  in  the  boron- 
implantation  process  might  be  what  caused  this  level  to  be  broadened 
into  a  band.  This  damage  may  not  be  present  in  the  samples  where  the 
boron  was  introduced  during  the  growth  process.  Since  it  is  not 
possible  to  determine  whether  the  level  is  hole-like  or  electron-like 
with  the  P.I.T.S.  both  a  Opa  and  a  ona  are  reported  for  it  in  Table  3 


4.  CONCLUSIONS 


Several  deep  levels  were  seen  in  samples  of  semi-insulating  liquid 
encapsulated  Czochralski  grown  GaAs  by  photo-induced-transient 
spectroscopy.  Two  of  the  levels  one  at  0.56  eV  and  the  other  at  0.27 
eV  appear  in  all  of  the  LEC  samples  regardless  of  the  heat  treatment 
they  received  and  seem  to  be  related  to  the  presence  of  iron  and  zinc 
impurities  respectively.  These  are  most  probably  due  to  accidental 
introduction  during  the  growth  process  since  there  was  no  intentional 
doping  of  the  GaAs  used  in  this  study.  Most  of  the  other  deep  levels 
seen  were  correlated  with  levels  seen  by  other  investigators.  The 
levels  at  0.52,  0.42,  and  0.36  eV  seem  to  be  associated  with  structural 
defects  since  they  can  be  annealed  out  by  heat  treatment. 
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TABLE  1  -  DESCRIPTION  OF  SAMPLE  PREPARATIONS 


SAMPLE 

D9 

M02S 

M2S-2I 

Ml  77 


M039 

M043 

M2S-2 

M039  ann 
M043  ann 
M2S-2  ann 

M039  que 


DESCRIPTION  OF  SAMPLE  PREPARATION 

LEC-grown  GaAs  with  ion-implanted  contacts 
(note:  there  is  extensive  annealing  as  part 
of  the  ion-implantation  process). 

LEC-grown  with  MBE  layer,  ion-implanted 
contacts  (note:  there  is  extensive  heat 
treatment  during  both  the  MBE  and  ion- 
implantation  processes). 


LEC-grown  with  In  soldered  contacts. 


LEC-grown  and  annealed  at  700K  for  four 
hours  with  a  one  hour  cool  off,  In- 
soldered  contacts. 

LEC-grown  and  heat  treated  at  700K  for 
three  hours  with  a  fast  cool  off,  in- 


soldered  contacts. 


TRANSIENT  SPECTROSCOPY  MEASUREMENTS 


SAMPLE  ACTIVATION  ENERGY  OF  THE  LEVEL  <eV> 


M2S-2I 

0 

.57 

0.36 

0.27 

0.18 

D9 

0 

.  S6 

0.36 

0.28 

0.22 

M02S 

0 

.55 

0.36 

0.27 

0.22 

Ml  77 

0 

.  S6 

M2S-2 

0 

.56 

0. 52 

0.42 

0.36 

0.27 

0.18 

M039 

0 

.  56 

0.52 

0.42 

0.36 

0.27 

0.22 

0.18 

M043 

0 

.56 

0.52 

0.42 

0.36 

0.27 

0.18 

M2S-2  ann 

0 

.56 

0.27 

0.18 

M039  ann 

0 

.56 

0.27 

0.22 

M043  ann 

0 

.  57 

0.27 

M039  que 

0 

.56 

0.42 

0.27 

0.22 

TABLE  3 


LEVEL  IDENTIFIED 


HL3 


ACTIVATION  ENERGIES  AND  EMISSION  CROSS  SECTIONS 
FOR  DEEP  LEVELS  SEEN  IN  THIS  STUDY 


ACTIVATION  ENERGY  <eV>  EMISSION  SECTION  <cm2) 


0 . 56 


Opa  =  1-4  *  10-is 


Boron  defect 


0.S2 


opa  =  1.7  *  10-i« 
ona  =  1.3  *  10*13 


FIGURE  CAPTIONS 


Fig.  1  Block  diagram  of  the  photo-induced  transient  spectroscopy 
apparatus. 

Fig.  2  Flow  diagram  of  the  computer  program  which  operates  the  photo 
induced  transient  spectroscopy  apparatus. 

Fig.  3  Plots  of  log(Tm2t)  versus  reciprocal  temperature  for  all  deep 
levels  seen  be  photo-induced  transient  spectroscopy. 

Fig.  4  Transient  current  vs.  temperature  for  sample  M039,  t=40  msec, 
Ne-Ne  laser  light  source. 

Fig.  5  Transient  current  vs.  temperature  for  sample  M039  ann  t=40 
msec,  Ne-Ne  laser  light  source. 


(Mo)  1 


